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SECTION  I 
INTRODUCTION 


Superplasclc  forming  with  concurrent  diffusion  bonding  (SPF/DB)  has 
emerged  as  a  practical  cost-  and  material-saving  method  of  titanium  fab¬ 
rication,  and  attention  has  begun  to  be  focused  on  improving  SPF/UB  by 
optimising  the  material  and  process  parameters.  A  recant  Air  Force 
sponsored  research  program  (Reference  I)  addressed  the  dependence  of 
Ti-alloy  superplasticlty  on  micros tructural  and  texture  variables  as 
affected  by  variations  in  thermomechanical  processing.  The  use  of 
ancillary  adnitions  to  control  superplastically  favorable  microstruc¬ 
tures  in  Ti  alloys  has  received  little  attention. 

A  systematic  study  of  superplastic  formabllity  of  several  alpha-beta 
titanium  alloys  (Reference  I)  indicated  that  Tl  alloys  having  lower 
beca-transus  temperatures  and  containing  higher  volume  fractions  of  beca 
phase  required  lower  gas  pressures  and  forming  temperatures  and  exhib¬ 
ited  higher  strain-rate  sensitivles  and  forming  rates.  Because  small 
additions  of  hydrogen  to  titanium  alloys  stabilize  the  beta  phase  and 
produce  a  larger  volume  fraction  of  beca  phase  (Reference  2),  the  addi¬ 
tion  of  hydrogen  as  a  transient  alloying  addition  to  Ti  alloys  offers  a 
method  to  improve  superplasticlty  of  Tl  alloys.  The  transient  hydrogen 
can  be  subsequently  removed  by  vacuum  annealing . 

Recant  phase-transformation  studies  in  Ti-6al-* +V-H  alloys  (Refer¬ 
ences  3  and  4)  indicate  yet  another  beneficial  effect  of  nydrogen  in  Ti . 
An  AFWAL-ML  program  investigating  the  effect  or  large  concentrations  of 
hydrogen  on  the  heat  treatment  and  processability  of  Ti  alloys  has  shown 
that  uniquely  fine  microstructures  can  be  produced  by  beta  annealing  Ti- 
6A1-4V— hi,  transforming  by  eutectoid  decomposition,  and  dehydriding. 

Such  fine  micros tructures  are  conducive  to  increased  room-temperature 
'Strength  and  ductility  and  high-temperature  creep  resistance. 

'3 

The  results  of  a  systematic  study  of  the  beneficial  affects  of 
hydrogen  on  superplasticity  aud  tensile  and  creep  properties  of  Ti 
alloys  are  presented  in  this  report.  The  microstructural  refinement  and 
property  improvement  effected  by  the  heat  treatment  of  Ti  alloys  con¬ 
taining  nydrogen  and  the  effects  of  internal  hydrogen  on  the  superpia3- 
tic  forming  and  diffusion  bonding  of  Ti  alloys  were  determined. 
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SECTION  II 

TECHNICAL  BACKGROUND 


l.  PHASE  TRANSFORMATION  LN  Ti-H  ALLOYS 

Hydrogen  combines  readily  with  titanium  and  has  a  solubility  in  Ti 
of  up  to  60  at.X  at  600°C  (U10°F)  (Figure  l).  Hydrogen  additions  reduce 
the  beta-transus  temperature  and  stabilize  the  more-open  body-centered- 
cubic  phase  of  Ti.  The  equilibrium  pcassure-temperature-concentratlon 
relations  in  the  Ti-H  system  shown  in  Figure  2  indicate  that  the  Ti-H 
solid  solution  formed  by  annealing  Ti  at  100°C  (11LQ°F)  in  a  >  10  Pa 


Hydrogen  (wt*fo) 


Hydrogen  (at.wo) 


Figure  1.  Phase  diagram  for  the  Ti-H  system. 

o 


_  iMtifru  ikMihlayfa 


.VX*. 


Temperature  <*0 

Figere  2.  Equilibrium  prceMre-temptrature-conceatrattoe 
retattona  for  the  Tl-H  system. 

(7.5  it  10‘2  Torr)  hydrogen  atmosphere  can  be  converted  to  hydrogen-frae 
titanium  by  subsequent  annealing  in  a  vacuum  of  <  10”2  Pa  (7.5  x  10  ^ 
Tore).  This  reversible  process  has  bean  used  successfully  to  produce 
citanium  powders  by  the  hydride-dehydride  (HDH)  method  (Reference  5). 
Although  the  HDH  process  is  a  standard  method  for  producing  titanium 
powder,  the  implications  of  the  method  for  producing  fine  microstruc- 
tures  were  realized  only  recently  (References  3,  4,  and  6).  Wien  the 
objective  of  utilizing  the  fine  microatructure  for  property  improvements 
in  Ti  alloys,  Kerr  at  ai.  (Reference  4)  conducted  a  detailed  study  of 
the  phase  transformations  in  T1-6A1-4V-H  systems  and  determined  the 
phase  boundaries  as  shown  in  Figure  3.  Several  significant  differences 
w??re  rtoced  oeeween  the  Ti-H  and  Ti-oAl-4V-H  systems.  The  addition  of 
i.ij  wt*  hydrogen  decreased  the  beta  transus  temperature  by  only  2U0°C 
(360°F)  in  TI-6A1-4V  compared  with  a  beca-transus  temperature  reduction 
of  550°G  ^90°F)  in  Ti .  The  eucectoid  isotherm  in  T1-6A1-4V  was  idenci- 
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tied  to  be  «  800°C  (1470°F),  which  is  significantly  higher  chan  in  Ti, 
The  tirae-tamperature-transf ormation  curves  for  T1-6A.1-4V-1 .35  wtX  hydro¬ 
gen  shown  in  Figure  4  indicate  chat  the  transformation  is  slow  below 
575°C  (1065°F). 

The  standard  neat -treatment  cycle  used  to  produce  fine  microstruc- 
tures  in  Ti-alloys  consists  of  hydrogen  charging  the  alloy  at  650-700°C 
C  U00-1290°F),  beta  annealing  above  80UnC  (1470°F)  for  •-  0.5  n, 
transforming  the  beta-annealed  alloy  at  •  600°C  (il00°F)  for  8  h,  and 

,9  —  c 

dehydrogenating  the  alloy  in  a  vacuum  or  10  “  Pa  (7.5  x  10  J  Torr)  at 
650-7u0°C  ( 1200-1290°F) .  At  the  transformation  temperature,  hydrogen- 
saturated  beta  phase  decomposes  lsothermally  to  alpha  phase  and  titanium 
hydride  with  some  retained  beta,  and  upon  dehydrogenation  the  hydride 
transforms  to  alpha  and  beta.  The  heat-treatment  process  termed 
"hydrovac"  produces  fine  microstructures  of  the  type  shown  in  Figures  5 
and  6.  The  transformation  temperature  determines  tne  size  and  spacing 
of  the  alpha  and  beta  phases  and  the  dehydrogenation  temperature 
determines  subgrain  size  and  dislocation  density  produced  by  the  removal 
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Figure  4.  Tli»*><emperaturt- transformation  curves  for  TWAMV-1J5H. 


of  hydrogen.  For  example,  if  Che  dehydrogenation  is  done  at  650°C 
(1200°F),  the  substructure  consists  of  highly  tangled  dislocations 
similar  to  chose  observed  in  cold-worked  material  (Figure  6a).  With  in¬ 
creasing  dehydrogenation  temperature,  increased  recovery  and  polygoniza- 
[  cion  results  in  the  formation  of  well-defined  cells  (Figures  6b  and 

r 

|  oc).  The  fine  subgrains  resulting  from  hydrovac  treatment  increase  the 

i  matrix  strength  (oq)  by  acting  as  slip  barriers.  The  overall  tensile 

|  yield-stress  (a  )  resulting  from  the  superposition  of  the  macrix  yield- 

'  V 

|  stress  and  subgrain-strengthening  contributions  is  given  (Reference  7) 

1  -n  2  1/2 

by  j  ■  (a  “  +  (k\  )“]  where  k  is  a  constant,  \  is  the  subgrain 

y  o 

size,  and  n  has  a  value  of  0.75-1.0.  The  subgrains  significantly  reduce 
the  dislocation  pile-up  length  and  increase  the  ductility.  The 
subgrains  are  effective  in  increasing  the  creep  resistance  of  the 
alio vs  . 

I. 


Fi*ur*  5.  Mkrmtnictum  of  Ti-«AI-4V-1.«H  beta  treated  at  «7*°C,  traasforaied  at  5*0°C  for 
4  h,  aad  dehydroteaated  at  (a)  k5d°C,  (b)  7*t°C,  ltd  (c)  7b#°C. 


2.  EFFECT  OF  INTERNAL  HYDROGEN  ON  SUPERPLASTIC  FCRMDW  AND  DIFFUSION 
BONDING  OF  T1  ALLOYS 

A  previous  study  has  shown  that  tha  uost  laportant  micros c-uctural  - 
variables  affecting  the  superplasticity  of  titanium  alloys  are  grain* 
else,  grain-shape,  and  volume-fractions  of  the  constituent  phases  at 
temperature  (Refe  rnce  I).  The  best  combinations  of  flow  stress  and 
strain-rate  sensitivity  values  for  Ti-oAl-iV  are  obtained  with  optimum 
amounts  of  beta  phase  (Figure  7). 

All  data  on  che  superplasticity  of  TI  alloys  indicate  chat  a  fine- 

grain  micros true cure  and  grain-growth  retardation  during  forming  ara 

desirable  for  improved  superplastlcity .  The  strain-rate  dependences  of 

flow  stress  and  strain-rate  sensitivity  of  T1-6A1-4V,  TI-8AI-IM0-IV,  and 

T1-3A1-2.5V,  plotted  for  various  ratios  of  the  test  temperature  (T)  to 

the  beta-transus  temperature  (Ta)  in  Figures  8  and  9,  indicate  that  the 

P 

flow  stress  and  strain-rate  sensitivity  at  a  constant  strain  rate  of 

different  alpha-beta  alloys  are  uniquely  related  to  T/Tfl,  wnich  is  a 

P 

measure  of  the  relative  amounts  of  alpha  and  beta  phases  present.  The 

effects  of  different  compositions  and  micros tructural  modification >  are 

implicit  in  the  T/T  ratio  of  a  specific  alloy.  For  a  fixed  T/T.  ratio 

P  P 

and  grain  size,  the  logarithm  of  flow  stress  is  the  same  function  of  the 

logarithm  of  the  strain-rate  for  all  alloy  compositions.  Therefore,  by 

lowering  the  beta  transus  temperature  and  minimising  the  in-process 

grain  growth,  superplastic  forming  (SPF)  and  diffusion  bonding  (D3)  can 

be  improved  significantly. 

Previous  efforts  to  ootain  fine-grain  microstructures  in  Ti  alloys 
have  1  een  ov  thermomechanical  processing  of  the  alloys,  and  few  studies 
nave  addressed  the  proolem  of  minimizing  in-process  grain  growth,  lower¬ 
ing  the  beta  transus  temperature,  and  increasing  the  beta  phase.  The 
effectiveness  of  hydrogen  additions  to  alpha-beta  Ti  alloys  for  lowering 
the  beta-transu3  temperature,  controlling  the  alpha  and  beta  phase  pro¬ 
portions,  and  producing  fine  transformation  microstructures  indicate  a 
potential  for  improving  the  superplastic  formabl.lity  as  well  as  che 
creep  resistance  and  room-temperature  tensile  properties  of  TI  alloys. 
The  microstructural  modifications  effecced  by  hydrogen  additions  to  Ti 
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300  900  1000 
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Figure  7.  Effects  of  alloy  chemistry  on  the  strain-rate  dependence]  of  (a)  flow  stress  and 
(b)  strain-rate  sensitivity  of  flow  stress  of  titanium  alloys  at  S7S°C. 
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decrease  the  high-temperature  flow  acraaa  and  increase  tha  scraln-raca 
sensitivity,  boch  of  which  are  conducive  co  superplascicicy.  Further¬ 
more.  bacausa  diffusion  of  Ti  and  H  *ra  significantly  hlghir  in  the  bat* 
phasa  chan  in  cha  alpha  phase,  hydrogen  additions  offer  tha  possibility 
of  improving  diffusion  bonding  of  ti  alloys.  Kearns  at  al.  (Aafacenca 
d)  demonstrated  significant  improvements  in  tha  superplascicicy  of 
Zircalloy-a  with  0.08-0.3  wtX  hydrogen  additions.  Tha  hydrogan  addi¬ 
tions  to  Zircalloy-4  dacraasad  tha  high-temperature  flow  scrass  and  in¬ 
creased  tha  strain-rate  at  which  strain  rata  sensitivities  Indicative  of 
auperplaaticity  (a  >  0.3)  ware  observed.  Tha  laproved  suparplaatlcity 
in  hydrogen-containing  Zircalloy-4  was  attributed  to  cha  presence  of 
tvo-phase  microstructuraa  at  taaparaturas  for  which  cha  hydrogen-free 
alloy  is  normally  single,  phaae. 

Production  of  favorable  alpha-beta  proportions  and  consequent  SFF-D8 
sc  lower  taaparaturas  has  cha  advantages  of  increased  die  lifs,  shorter 
forming  and/or  bonding  time,  decreased  temperature-induced  microscruc- 
tural  degradation,  and  increased  part  complexity.  Furthermore,  cha 
lattice-volume  changes  accompanying  hydrogan  removal  from  hydrogen- 
charged  Ti  specimens  offers  a  method  of  generating  a  high  density  of 
lattice  defects  and  increasing  strain  accommodation  during  high- 
teraperature  forming. 


SECTION  III 

OBJECTIVES  AMD  APPROACH 


t.  OBJECTIVES 

The  general  objective  of  the  program  on  optimum  micrcaeructures  for 
superplashlc  forming  using  hydrovac  was  to  determine  che  extent  to  which 
tha  addition  of  larga  amounts,  up  to  1.0  wtX,  of  hydrogan  can  ba  usod  to 
improve  tha  tanslla  and  craap  propattias  and  suparplastlc  formabillty  or 
diffusion  bondabillty  of  titanium  alloys  by  producing  fins  microatruc- 
tures,  raducing  tha  forming  tamparatura  and  flow  stress,  and  minimising 
micro* tructural  changas  during  forming. 

Tha  spacific  objactivas  of  this  program  wars:  (1)  co  charactarlxa 
completely,  in  T1-6A1-4V  and  Ti-6Al-2Sn-42r-2Mo,  the  unique  fine  micro- 
structures  that  can  be  produced  by  hydrovac  processing,  (2)  to  charac¬ 
terise  the  hydrovac-procasauU  material  with  respect  to  mechanical  pro¬ 
perties,  including  tensile  characteristics,  fatigue  crack  growth,  creep, 
superplast.'.c  formabillty,  and  diffusion  bondabillty,  (3)  to  determine 
the  superplastic  formabillty  and  diffusion  oondaoility  of  TI-5A1-4V  and 
Tl-6Al-2Sn-4Zr-2Mo  containing  different  amounts  of  internal  hydrogen, 

(4)  to  determine  whether  the  evolution  of  hydrogen  during  superplastic 
forming  or  diffusion  bonding  will  permit  lower  temperatures,  lower  flow 
stresses,  and  shorter  does  for  suparplastlc  forming  or  increased  com¬ 
plexity  of  superplasticity  formed  parts,  and  (5)  to  determine  the  effect 
on  final  mechanical  properties  of  superplasclcally-formed  titanium 
alloys  after  removal  of  the  previous  large  concentrations  of  hydrogen. 

2.  PROGRAM  PLAN 

This  program  was  organized  into  two  phases.  Phase  I  was  concerned 
with  producing,  characterizing,  and  testing  material  in  which  the  fine 
microstructures  were  produced  by  hydrovac  processing.  Phase  II  was  con¬ 
cerned  with  determining  the  superplastic  forming  and  diffusion  bonding 
characteristics  of  material  cnac  contains  hydrogen.  Figures  10  and  11 
are  flow  charts  showing  the  scope  of  the  program. 
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Figure  10.  Flow  chart  showing  scope  of  Phase  !  of  the  program. 
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Figure  11.  Scope  of  Phase  II  of  the  program. 


3.  SELECTION  OF  ALLOYS 

Ti-oAl-4V  and  Ti-6Al-2Sn-4Zr-2Mo  alloys  were  selected  as  representa¬ 
tive  of  alpha  +  beta  and  near-alpha  titanium  alloys,  respectively.  The 
alloys  were  procured  from  tlMI  Co.,  Lawrence  Aviation  Industries,  Inc., 
and  TIMET.  Table  l  lists  the  supplier,  lot  numbers,  and  suppliers' 
chemical  analyses  of  the  alloys  used  in  the  present  study. 

Two  microstructural  variations  of  Ti-bAl-^V  were  evaluated  for  the 
production  of  fine  micros tructures  by  hydrovac  processing:  aquiaxed, 
fine-grained  microstructure  and  elongated,  alpha-beca  (Widmanstatten) 
miccostructure . 

The  conventionally  processed  Ti-6Al-4V  was  rolled  and  mill  annealed 
at  7b7°C  (1450°F)  for  0.25  h  and  air  cooled  to  25°C  (77°F)  to  produce  a 
fine,  equiaxed,  alpha-plus-prior-beta  microstructure ,  wnich  is  favorable 
for  superplastic  forming,  deta  annealing  at  1 0 3 5 0 C  (1895°F)  for  0.5  h 
followed  by  air-cooling  to  25°C  (77°F)  was  used  to  produce  a 
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TABLE  1 

CHEMICAL  ANALYSES  OF  ALLOY  LOTS 


Ekaeet 

Composition  (wtPfc) 

TV4AWV, 
RM1  beet 
9X039-91 

T5-6AMV, 

LAI  lot 

Tl-6Al-2Se-4Zr-2Mo, 
TIMET  lot  no. 
F68S3 

A1 

6.0 

6.08 

5.9 

V 

4.0 

4.06 

_ 

So 

— 

— 

2.0 

Zr 

— 

— 

4.2 

Mo 

— 

— 

2.0 

C 

0.02 

0.04 

0.012 

N 

0.012 

0.022 

0.004 

Fe 

0.17 

0.16 

0.07 

Y 

<0.005 

<0.001 

<0.005 

0 

0.126 

0.132 

0.11 

H 

0.0043 

0.0033 

0.006 

Mn 

— 

— 

0.005 

Si 

— * 

0.07 

Widmanstatten  alpha-beta  microstructura,  which  is  unfavorable  for  super¬ 
plastic  forming.  For  convenience,  the  mill-annealed  T1-6A1-4V  will  be 
designated  as  aquiaxed-a  Ti-6Al-4V  and  the  beta-annealed  Ti-6Al-4V  will 
be  referred  to  as  Widmanstatten  T1-6A1-4V. 

Ti-6Al-2Sn-4Zr-?Mo  was  given  a  duplex-annealing  treatment  consisting 
of  annealing  at  900°G  (165Q°F)  for  0.50  h,  air  cooling  to  25°C  (77°F), 
ceannealing  at  790°C  (1450°F)  for  0.25  n,  and  air  cooling  to  25°C 
( 77°F) . 

i.  PRODUCTION  OF  FINE  MICKOSTXUCTURES  dY  MYDROVAC  PROCESSING 

Large  alloy  panels  were  hydrovac  processed  at  Oregon  Metallurgical 
Corporation  (OKEMET),  and  the  small  alloy  specimens  were  hydrogen 
charged  at  Air  Force  Wright  Aeronautical  Laboratories  and  transformed 
and  dehydrogenated  at  MDRL.  The  sequence  of  steps  used  in  nydrovac  pro¬ 
cessing  consisted  of  hydrogenation  at  650°C  (L200°F)  of  alloy  specimens 
to  L.O  4.  o. i  wtZ  hydrogen,  heating  the  specimens  above  the  eutectoid 
cempecature  (—  d!0°C  (1490°F))  to  produce  an  all-beta  microstructure, 
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transforming  che  bata-annealed  alloys  below  -■;*  eutectoid  temperature  to 
produce  closely  spaced,  fine,  eutectoid  decomposition  products,  and 
dehydrogenating  the  alloy  in  a  vacuum  of  -  10"^  Pa  (7.5  x  10**^  Torr) 
(Reference  9). 

Small  specimens  were  hydrogenated  in  a  stainless-steel  tube ,-75  am 
(3  in.)  in  diameter  by  1.5  m  (60  in.)  long,  sealed  by  flanges  at  both 
ends,  and  mounted  in  a  laboratory  furnace.  One  flange  had  inlets  for 
che  thermocouples  and  hydrogenating  gas  tubes.  Specimens  to  be  hydro¬ 
genated  were  placed  in  an  unsealed  box  made  of  TI-6A1-4V  sheet,  0.42  am 
(.016  in.)  chick.  This  box  aided  in  uniformity  of  hydrogen  absorption 
during  the  run  and  reduced  che  contamination  pick-up  from  the  hydro¬ 
genating  gas.  The  box  containing  the  specimens  was  placed  in  the  work 
zone  at  the  center  of  the  furnace  where  che  temperature  was  uniform 
within  dfc  10°C  (18°F)  over  a  length  of  250  amt  (10  in.). 

The  furnace  was  evacuated  and  purged  with  argon  three  times,  and 
then  heated  to  the  hydrogenation  temperature  with  an  atmosphere  of  flow¬ 
ing  argon  at  a  slight  positive  pressure  in  the  tube.  When  the  hydro¬ 
genation  temperature,  650°C  (1200°F),  was  attained,  a  flow  of  hydrogea 
was  added  to  the  argon  scream  and  maintained  for  the  hydrogenation  time. 

The  hydrogen  content  of  Che  specimens  was  controlled  by  che  time  of 
hydrogenation  and  the  partial  pressure  of  hydrogen.  Ac  the  end  of  che 
hydrogenation  time,  a  third  gas,  Ar  a-  41  H»  which  is  nonflammable  but 
represents  a  partial  pressure  of  hydrogen  in  equilibrium  with  a  signifi¬ 
cant  hydrogen  content  in  T1-6A1-4V  (approximately  0.6  wtl  at  650°C 
(12U0°F)),  was  added  to  the  gas  stream.  Hydrogen  and  argon  were  then 
shut  off,  and  che  outlet  from  che  furnace  was  closed.  A  slight  positive 
pressure  was  maintained  and  specimens  were  allowed  to  equilibrate  for 
I  h  at  temperature  and  then  cooled  slowly. 

The  hydrogen  content  of  specimens  was  determined  by  weighing  speci¬ 
mens  before  and  after  hydrogenation  to  the  nearest  0.1  mg.  This  method 
of  analysis  was  verified  by  vacuum  fusion  analysis  on  selected  speci¬ 
mens.  After  being  analyzed  for  hydrogen,  the  samples  were  sealed  in 
evacuated  quartz  tubes  for  subsequent  neat  treatment.  The  encapsulated 
specimens  were  beta  treated  oy  heating  to  d70°C  (lbO0°F)  for  u.o  n.  The 
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specimens  ware  Chen  transferred  co  furnace*  ac  660-700°C  ( 1220-129Q°F) 
tor  euceccold  decomposition  and  air  cooled  Co  room  cemperacure  while 
still  sealed  In  che  quartz  Cube*. 

Afttn*  heac  treatment,  che  speclaens  were  removed  from  che  quartz 
Cube*  and  d*hydrog*aac*d  in  a  vacuum  furnace.  The  furnace  was  avacuaced 
Co  <  7  x  pa  (5  x  10"**  Torr)  before  hearing  began.  No  hydrogen 
evolved  below  500°C  (930°F).  Above  chi*  cemperacure,  hydrogen  evoluCion 
wa*  usually  ac  a  race  chac  required  by-passing  che  diffusion  pump  uncil 
sufficient  hydrogen  had  been  removed  m  decrease  che  chamber  pr^aurt  co 
7  Pa  (3  *  10“2  Torr).  Dehydrogenacion  conciaued  until  che  chau-^r  pres¬ 
sure  reached  7  x  10“  ^  Pa  (5  x  10“^  Torr).  Vacuum  fusion  analysis  of 
selecced  samples  indlcacad  hydrogen  concentradons  were  <  10  ppm. 

Large-size  panels  were  hydrovac  processed  by  Oregoa  Metallurgical 
Corporacion.  Ten  25C  x,  375  am  (10  x  15  In.)  panels  were  suspended 
vertically  in  a  500-nmi  (20  in.)  diamecer  cylindrical  furnace  chamber 
wnich  has  a  hydrogen  gas  inlec  ac  che  cop  and  ouclac  ac  che  bottom.  A 
charging  time  or  72  h  ac  b50°C  ( 1200°F)  yielded  1  wti  hydrogen.  25  x 
25-mu  (1  x  1  in.)  cabs  from  two  corners  of  each  panel  were  analyzed  for 
hydrogen  concent  by  measuring  che  change  in  weight  of  hydrogen-charged 
samples  and  uncharged  control  samples  upon  vacuum  annealing  ac  950°C 
(1740°F)  for  7  h.  All  samples  formed  a  3light  oxide  film  during 
annealing,  which  che  uncharged  samples  demonstrated  Co  result  in  a 
weight  increase  of  approximately  0.08S.  The  weight  changes  of  che 
hydrided  samples  were  corrected  for  chis  slight  increase  from  che  oxide 
films.  Vacuum  extraction  measurements  by  the  MCAER.  Process  Control 
laboratory  of  vacuum-annealed  hydrided  samples  showed  chac  che  annealing 
reduces  the  hydrogen  level  co  less  than  25  ppm.  The  results  Indicated 
chac  large  panels  can  be  charged  with  required  amounts  of  hydrogen  with 
reasonable  reproducibility.  Appendix  A  describes  further  che  practical 
aspects  of  hydrovac  processing  on  a  production  scale. 

A  l<ey  element  in  che  hydrovac  processing  of  large  panels  was  che 
selection  of  a  suitable  procective  coating  for  nydrogenacad  panels  for 
subsequent  beca  annealing  and  eutectoid  decomposition.  The  surface 
coating  as  well  as  the  beta-annealing  temperature  was  extremely  iapor- 
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cent  for  (maximizing  hydrogen  retention  and  minimizing  oxygan  pick-up 
during  hydrovac  processing.  Formkote  T50  (£/M  Lubricants  Inc.,  P.  u. 

Box  2200,  West  Lafayette,  IN  47906),  Deltaglaze  349M  (Achason  Colloids 
Co.,  P.  0.  Pox  286,  Port  Huron,  MI),  and  the  naturally  occurring  surface 
oxide  film  were  evaluated  as  protective  coatings.  Bata  annealings  were 
performed  at  810,  830,  and  870°C  (1490,  1525,  and  1600°F)  to  determine 
the  effect  of  beta-annealing  temperature  on  oxygen  pick-up. 

5.  MICROSTRUCTURE  AND  PROPERTY  CHARACTERIZATION  OF  HYDR0VAC-PR0CESSED 
ALLOYS 

The  microstructures  of  hydrovac-processad  alloys  were  determined  by 
optical  metallography  and  scanning  and  transmission  electron  microscopy. 
Tensile  properties  at  25-482°C  (77-900*JF),  creep  properties  at  350-600°C 
1660-1110°F),  and  f«rigue  properties  at  25°C  (77°F)  were  determined. 
Duplicate,  rectangular,  tenslon-tast  specimens  that  comply  with  ASTM 
Standard  £3-78  were  tested  in  the  longitudinal  orientation.  T1-6A1-4V 
specimens  were  tested  at  room  temperature,  205°C  (400°F),  and  371°C 
(7QQ°F),  and  Ti-6Al-2Sn-4Zr-2Mo  specimens  were  tested  at  room  tempera¬ 
ture,  315°C  (600°F),  and  482°C  (900°F).  All  tensile  tests  were  per¬ 
formed  under  uniaxial  tension  at  a  constant  strain-rate  of  0.0001  s-1. 
The  yield  stress,  ultimate  tensile  stress,  and  total  elongation  were 
determined.  Creep  tests  were  performed  on  duplicate  specimens  in  the 
longitudinal  orientation  from  350  to  600°C  (660-1110°F) .  At  each  test 
temperature,  five  creep  stresses  were  applied  progressively  to  a  single 
specimen  while  the  elongation  was  continuously  monitored.  The  steady- 
state  creep  race  (minimum  creep  rate)  was  calculated  for  each  alloy/ 
temperature/ stress  combination.  The  stress  and  temperature  dependences 
of  the  steady-state  creep  rate  were  estaoiished  for  each  alloy  studied. 

Fatigue  crack-growth  rates  of  the  hydrovac-processed  materials  were 
measured  using  standard  compact-tension  (CT)  specimens  oriented  in  the 
long-trausverse  (TL)  direction.  Fatigue  tests  were  performed  with 
constant-load-amplitude  at  room  temperature  in  ambient  air  using  an 
automated,  closed-loop,  hydraulically-actuated  test  system.  Specimen 
design  and  test  procedures  conformed  to  aSTM  Standard  £647.  An 
electrical-potential  method  was  used  to  monitor  crack  growth.  This 
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c«chniqua  umuru  tha  avaraga  through-ehicknaaa  crack  langth,  and  tha 
output  from  cha  potantiomater  can  ba  usad  In  tha  tase-systam  control 
loop  whan  approprlaca.  On-lina  data  acquisition,  procasalng,  and  stor- 
aga  was  parfonaad  with  a  dadlcatad  PDP  11/04  minicomputar.  Empirical 
aquations  of  Catigua  crack-growth  rata,  da/dN,  as  a  function  of  strasa- 
intansity-f actor  ranga,  &K,  wara  darivad  from  tha  tast  rasults.  Tha 
fractura  surfacas  of  tha  facigua  spaclaans  wara  analyxad  by  SEM  to  char- 
actarlsa  partlnant  mataliurglcal  and  ale rose rue rural  faaturas. 

6.  SUPERPLASTIC  fOKMAR ILITY  OETEHHINATIOd 

Tha  suparplastic  formauility  of  tha  alloys  was  evaluatad  using  tha 
cona-formlng  tastar  shown  in  Figura  12.  Tha  cona-forming  tastar  anables 
tha  cona  dapth  and  strain  to  ba  aaasurad  as  tha  spaclaan  is  balng  supar- 
piasticially  formad. 


Gas  supply 


Thermocouple 

leads 


Figura  12.  Expsrimsatai  arraagemant  for  laboratory  com- form  tag  tasu. 
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Applying  che  thin-meubrane  theory  and  assuming  chat  che  bulge  shape 
Is  hemispherical  until  che  sample  contacts  che  die  wails,  the  biaxial 
stress  is  given  by 


where  c  is  the  membrane  thickness,  P  is  the  applied  pressure,  and  x  is 
tne  radius  of  curvature  of  the  membrane.  The  strain  is  given  by 


e  *  ln(t/t  ) 
o 


(2) 


where  tQ  is  the  initial  thickness,.  For  a  conical  angle  of  58°,  the 
ratio  of  thickness  to  radius  of  curvature  (t/x)  is  approximately  con- 
scant  as  the  cone  forms  (Reference  l),  and  hence  forming  occurs  at  a 
constant  stress  provided  the  pressure  is  maintained  constant. 

As  explained  in  Appendix  B,  although  che  membrane  thickness  is  small 
relative  to  the  radius  of  curvature,  che  biaxial  stress  varies  by  6Z 
across  the  thickness.  Equation  (1)  yields  the  average  biaxial  stress 
when  the  inner  membrane  radius  is  substituted  for  x.  The  strain-* 
recording  linear  variable  differential  transformer  (LVDT)  shown  in 
Figure  12  measures  the  instantaneous  strain  rate  as  a  function  of  time 
at  constant  stress  by  means  of  the  relation  becween  strain  and  cone 
depth  given  in  Appendix  8.  Constant  stress  prevails  only  after  the 
sample  contacts  the  die  wall  (e  *  0.3  for  the  present  geometry). 

as-received  and  hydrovac-processed  alloys  were  cone  formed  under 
conditions  generally  used  for  3uperplastic  forming  in  practice.  Incre- 
mental-strain-rate ,  constant-stress,  and  constanc-straiu-rate  tensile 
tests  (Reference  10)  were  performed  to  establisu  the  correspondence 
becween  oiaxial  cone-forming  tests  and  uniaxial  tensile  tests. 


7.  SUPERPLASTIC  FORMING  AND  DIFFUSION  BONDING  OF  SPECIMENS  CONTAINING 
AND  EVOLVING  HYDROGEN 

th«  technical  approach  used  for  chi*  task  la  outlined  La  Figure  11. 
Alloys  with  hydrogen  concentrations  of  0.01-0.1  wtX  wars  investigated. 
Tha  coua-forning  caster  shown  _a  Figure  12  was  used  to  hydrogenate  the 
sample  la  situ,  immediately  heat  it  to  the  desired  superplastic-fonsing 
temperature,  and  perform  the  superplastic-forming  operation. 

In-situ  hydrogen  charging  was  accomplished  by  applying  equal  pres¬ 
sures  of  a  hydrogen-argon  gas  mixture  to  both  sides  of  the  sample  disk.. 
The  clamping  force  on  the  disk,  was  monitored  and  adjusted  to  permit  con¬ 
trolled  amounts  of  gas  to  escape,  thus  ensuring  a  continually  fresh 
supply  of  hydrogen  at  each  surface.  Hydrogen  charging  was  performed  for 
2  h  at  temperatures  of  650-760°C  ( 1200-1400°T)  and  at  hydrogen  partial 
pressures  of  400-4000  Pa  (3-30  Torr).  After  hydrogen  charging,  the 
hydrogen  pressure  was  released  from  the  conical-die  side  of  the  sample, 
and  the  pressure  on  the  ocher  side  ties  increased  to  the  desired  level 
for  forming.  Internal  hydrogen  concentrations  were  determined  by  mea¬ 
suring  the  change  in  weight  of  formed  samples  upon  vacuum  annealing  at 
950°C  (1740°F)  for  4  h. 

For  investigating  the  effect  of  hydrogen  evolution  on  fonmabilicy, 
specimens  were  charged  with  hydrogen  in  situ  and  formed  in  an  inart 
environment.  The  effect  of  internal  hydrogen  on  diffusion  bonding  of 
Ti-alloys  was  investigated  by  charging  small  panels  to  various  amounts 
of  hydrogen,  cutting  the  panels  into  16  x  16  mi  (0.6  x  0.6  in.)  speci¬ 
mens,  mechanically  polishing  tha  specimen  surfaces  on  400  grit  paper, 
and  diffusion  bonding  the  specimens  in  a  mixture  of  Ar  wich  4  wtl  hydro¬ 
gen  at  the  desired  temperature  under  an  applied  stress.  Diffusion  bond¬ 
ing  experiments  were  performed  in  a  vacuum/ inert-gas  chambar  equipped 
wich  a  furnace  and  a  press. 

8.  SUPERPLASTIC  FORMING  OF  TROUGH-SHAPED  SPECIMENS  CONTAINING  INTERNAL 
HYDROGEN 

Using  optimum  superplascic  forming  parameters  determined  from  cone 
forming  tests,  large,  375  x  200  mm  (15  x  8  in.)  panels  _were  in-situ 
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charged  and  superplastlcal  i.y  formed  into  Cough  shapes  using  an  \t  *■ 

5  wt*  hydrogen  gas  mixture.  Superplasclc  forming  evaluation  was 
performed  using  the  die  configuration  shown  in  Figure  13.  Upon 
completion  of  forming,  the  toughs  were  dehydrogenated,  and  specimens 
were  machined  and  tested  for  tensile  properties. 


SECTION  IV 

KICROSTRUCTURSS,  MECHANICAL  PROPERTIES,  AND  SUPERPLASTIC 
FORMAS IHTY  OF  HYDROVAC-PROCESEEO  THAnIUM  ALLOYS 

l.  EFFECTS  OF  SURFACE  COATINGS  ON  HYDROGEN  RETENTION  AND  OXYGEN  PICK-UP 
IN  HYDROVAC-PROCESSEl)  Ti  ALLOYS 

A  study  was  made  of  cha  affaccs  of  surfaca  coatings  on  hydrogan 
retention  and  oxygen  pick-up  during  hydrovac  processing.  Tablas  2  and  3 
list  the  retained  hydrogan,  carbon,  and  oxygan  concantrationa  of 
hydrovac-processed  T1-6A1-4V.  Oxygan  pick-up  is  excessive  in  all  but 
tha  vacuum  encapsulated  specimen*.  Although  Formkote  end  Dsltaglaza 
coatings  are  affacdva  in  retaining  hydrogan,  the  spaciuans  with  chase 
coatings  had  oxygan  concentrations  in  excess  of  the  maximum  allowed 
under  specification  9046H.  Tha  results  were  surprising  since  previous 
use  of  these  coatings  on  uncharged  Ti-elloys  annealed  in  air  at  tempera¬ 
tures  up  to  1000°C  (183Q°F)  did  not  result  in  oxygen  pick-up.  Hardness 
values  of  uncharged  Ti  alloys  coated  with  Formkote  and  Deitaglaze  and 
Annealed  ac  860°C  (I580°F)  for  0.5  h  are  listed  in  Table  A.  The  hard¬ 
ness  values  are  comparable  to  chose  of  mill -processed ,  as-received  Ti- 
6A1-4V,  end  oxygen  concentrations  determined  from  the  calibration  curve 
tor  hardness  as  a  function  of  oxygen  concentration  shown  in  Figure  14 
are  well  below  the  maximum  allowable  limits. 


TABLE  2 

EFFECTS  OF  SURFACE  COATINGS  ON  HYDROGEN  RETENTION  IN  TMAI-4V 
CHARGED  WITH  HYDROGEN  AT  M0#C  (12W*F),  ANNEALED  AT  S70°C  (1600#F)  FOR 

O.Sh,  AND  COOLED  TO  2S*C  (77*F> 


Surface  treatment  hydrogen  retained 


Uncoated 

79 

Coated  with  Formkote  T50 

93 

Coated  with  Deitaglaze  349 

98 

Vacuum  encapsulated 

100 
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TABLE  3 

CARBON  AND  OXYGEN  CONCENTRATIONS  OF  SELECTED  HYDROV AC-PROCESSED 

TWAMV  SAMPLES 


Surface 

coaling 

Beta  annealing 
temperature 

t°C  (°F>1 

Oxygen 

concentration 

<wtb») 

Carbon 

concentration 

<wt%) 

Formkote  T50 

870  (1600) 

0.35 

— 

Formkote  T50 

870(1600) 

0.31 

0.014 

Formkote  T50 

810(1490) 

0.19 

0.013 

Deitagia2e  349 

870(1600) 

0.21 

— 

Deltaglaze  349 

830  (1326) 

0.24 

— 

Uncoated 

870  (1600) 

0.28 

— 

Vacuum 

870  (1600) 

0.14 

0.017 

encapsulated 


Maximum  allowable  oxygen  concentration  in  Ti-6A1-4V  and  Ti-6Al-2Sn-4Zr-2Mo  alloy 
is  0.2  wt^e. 


TABLE  4 

ROCKWELL  C  HARDNESS  VALLES  OF  UNCHARGED  TWAI-4V  SAMPLES  ANNEALED 

AT  865°C  FOR  0.5  h 


Surface  treatment 

Rockwell  C  hardness 

Uncoated 

35.5 

Formkote  T50 

33.2 

Deltaglaze  349 

35.3 

As-received  (unannealed) 

35.2 

These  results  clearly  demonstrate  that  in  the  presence  of  hydrogen, 
the  coatings  are  ineffective  barriers  for  oxygen  diffusion  into  the 
specimens.  However,  whereas  the  coatings  readily  permit  oxygen  pick-up, 
they  are  effective  in  preventing  hydrogen  loss  from  the  specimens.  An 
understanding  of  the  synergistic  effects  on  oxygen  pick-up  of  hydrogen 
and  coating  chemistry  would  require  a  detailed  thermodynamic  analysis 
and  a  large  number  of  well-controlled  experiments,  which  were  beyond  the 
scope  of  the  present  investigation.  Reducing  the  beta-annealing  temper¬ 
ature  from  87Q°C  (1600°F)  to  810°C  (1490°F)  resulted  in  significant 
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Fif*n  14.  Effect  of  oxygen  concentration  on  Rockwell  C  hardness  vaiees  for 
|  hydrovac-procesMd  T14AMV. 


decrease  in  oxygen  pick-up  in  T1-6A1-4V  coated  with  Formkote  T50  but  did 
not  produce  a  significant  decrease  in  oxygen  pick-up  in  Deltaglaze- 
coated  T1-6A1-4V. 

The  results  snown  in  Table  3  indicate  that  vacuum  encapsulation  of 
specimens  is  the  best  choice  for  heat  creating  hydrogen-charged  Ti 
alloys.  Whereas  this  technique  is  well  suited  for  small  specimens,  it 
is  not  cost  effective  for  large  panels.  In  the  present  investigation, 
all  specimens  for  microstructure  and  mechanical  property  determinations 
were  hydrovac  processed  using  vacuum  encapsulation  for  preventing  hydro¬ 
gen  loss.  The  results  obtained  from  such  specimens  are  discussed  in 
this  section.  Because  Deltaglaze  coating  and  Formkote  coating  combined 
with  lower  beta-annealing  temperatures  resulted  in  oxygen  concentrations 
close  to  the  specification  limits,  selected  property  measurements  were 
made  on  alloy  specimens  chat  were  hydrovac-processed  using  these 
coatings  and  lower  beta-ennealing  temperatures.  These  results  are 
presented  in  Appendix  G. 


2.  rilCrtUSTrtUCTURES  OF  HYDROVAC-PROCESSED  TI-6A1-4V  AND 
Ti-6Al-2Sa-4i;r-2Mo 

Figures  15a-15d  art  transmission  electron  micrographs  showing  trans¬ 
formation  products  in  TI-6A1-4V  at  various  stages  of  hydrovac  pro* 
cassing.  The  conventionally  processed  T1-6A1-4V  has  a  partially  recry* 
stallised  alpha-beta  miccostructura  (Figure  15a).  Hydrogenation  at 
665°C  (1200°F)  with  1.0  wtX  hydrogen  and  annealing  at  870°C  (1600°F) 
produces  a  hydrogen-saturated  beta  phase.  Water  quenching  of  this  beta 
phase  produces  a  martensitic  microstructure  (Figure  15b).  This  marten¬ 
site,  identified  by  selected-area  electron  diffraction  to  be  orthorhom¬ 
bic  martensite  (a"),  is  significantly  different  from  the  hexagonal  mar¬ 
tensite  observed  in  a  +  p  alloys  quanched  from  the  beta  field.  The  mar¬ 
tensite  plates  are  extensively  twinned  and  contain  large  densities  of 
dislocations.  Upon  annealing  the  alloy  below  S1Q°C  (1490°F),  the 
orthorhombic  martensite  transforms  Isothermally  to  «-Ti  and  TiH^;  the 
sire  and  spacings  of  the  decomposition  products  increasing  with  increase 
transformation  temperature.  Transformation  at  -  595°C  (1105°F)  rasults 
in  closely-spaced,  fine,  decomposition  products  (Figure  15c).  Upon  de¬ 
hydrogenation  of  the  alloy  containing  a-Ti  and  TiK^,  the  hydride  phase 
transforms  to  a  +  p.  This  transformation  is  associated  with  the  forma¬ 
tion  of  a  high  dislocation  density  in  the  alpha  phase,  as  the  conversion 
of  titanium  hydride  to  a-Ti  results  in  a  ■  17*  volume  change  and  concom- 
raitant  high  strains.  The  dehydrogenated  alloy  contains  a  partially 
recovered  dislocation  substructure  and  low-angle  boundaries  (Figure 
15d). 

The  effects  of  dehydrogenation  temperature  on  substructure  formation 
in  Ti-6Al-4V-l .2  H  alloy  are  shown  in  Figures  I6a-I6d.  Dehydrogenation 
at  665°C  (1200°F)  results  in  partially  recovered  dislocation  cell  struc¬ 
ture,  and  the  dislocation  subgrains  coarsen  with  increasing  dehydrogena¬ 
tion  temperature  and  times. 

The  effect  of  the  dehydrogenation  temperature  on  tensile  properties 
was  determined  for  equiaxed  TI-6A1-4V  samples  with  the  objective  of 
determining  the  dehydrogenation  temperature  that  produces  the  best  com¬ 
bination  of  strength  and  ductility.  The  mechanical  properties  of 
hydrovac-processed  specimens  dehydrogenated  at  660  (1220)  and  700°C 
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Figure  15.  Transmission  electron  micrographs  showing  the  transformation  products  at  various 
stages  of  hydrovac  processing:  (a)  conventionally  processed  Ti-6AI-4V;  (b)  hydrogen- 
charged  at  66J°C,  beta-annealed  at  870°C  for  5  h  and  water  quenched;  (c)  hydrogen- 
charged  at  660°C,  annealed  at  S70°C  for  0.5  h,  cooled  to  595°C,  and  annealed  at 
595°C  for  4  h;  and  (d)  as  in  (c)  followed  by  dehydrogenation  at  700°C  for  6  h. 
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(1260°F)  and  conventionally  processed  specimens  are  listed  In  Table  5* 
Both  sets  of  samples  show  significant,  strength  Increases  and  ductility 
losses.  The  hydrovac-processed  specimens  dehydrogenated  at  660°C 
(1220°F)  have  the  highest  strength;  however,  in  view  of  pioductlon  tem¬ 
perature  uncertainties  and  the  anticipated  brittleness  arising  from 
dehydrogenation  temperatures  of  660°C  (1200°F)  or  less,  675°C  (1245°F) 
was  chosen  for  dehydrogenation. 

Figures  17-19  are  scanning  electron  micrographs  of  equlaxed-a 
T1-6A1-4V,  Widmanstatten  T1-6A1-4V,  and  Ti-6Al-2Sn-4Zr-2Mo  showing  the 
mlcrostructural  refinement  caused  by  hydrovac  processing.  The 
equlaxed-a  T1-6A1-4V  microstructure  without  hydrovac  (Figure  17a)  has  an 
average  grain  diameter  of  3  pm  and  is  considerably  refined  by  hydrovac 
processing  to  au  average  grain  diameter  of  0.5  pm.  The  Widmanstatten 
T1-6A1-4V  microstructure  (Figure  18a)  initially  has  colonies  of  alpha-, 
beta  with  each  colony  having  a  single  alpha  orientation.  Hydrovac  pro¬ 
cessing  results  in  considerable  refineflient  of  the  alpha  grains  (Figure 
18b).  Figure  19a  shows  the  fine,  2-4  ptn  equiaxed-alpha  +  beta  micro¬ 
structure  of  the  duplex-annealed  Ti-6AL-2Sn-4Zr-2Mo.  Figure  19b  shows 
that  hydrovac  processing  reduces  the  grain  size  to  0.5  pm.  Figures  20a- 
20c  are  higher  magnification  scanning  electron  micrographs  of  the  three 
hydrovac-processed  alloys. 


TABLE  5 

EFFECT  OF  DEHYDROGENATION  TEMPERATURE  ON  MECHANICAL  PROPERTIES 
OF  HYDROVAC-PROCESSED  EQUIAXED-a  TI-6AI-4V 


Dehydrogenation 

temperature 

(°C) 

0.2%  yield 
stress 

(MPa  (ksl)| 

Ultimate 
tensile  stress 
(MPa  (ksi)l 

Total 

elongation 

(%) 

700 

1035  (150) 

1090(158) 

8.3 

700 

1065  (154) 

1095  (158) 

7.2 

660 

1125  (163) 

1155  (168) 

4.3 

660 

1130(164) 

1153  (168) 

5.3 

Before  hydrovac  processing'3* 

960  (139) 

985  (143) 

13.5 

(a)  Measurements  were  made  by  the  alloy  supplier. 
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(b) 
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10  pm 


Figure  17.  Scanning  electron  micrograph*  of  equiaxed-a  TI4AMV  (a)  before  and  (b)  after 
hydrovac  processing. 


The  crystallographic  texture  of  the  as-received  and  hydrovac- 
processed  alloys  was  characterized  by  determining  by  x-ray  pole-figure 
goniometry  the  basal  and  prism  pole  distributions.  Equiaxed-a  T1-6A1-4V 
has  a  moderate  degree  of  texture  (texture  sharpness  of  7)  with  the  basal 
poles  of  strong  texture  components  tilted  25-40°  from  the  sheet  normal 
(Figure  21a).  The  hydrovac-processed  alloy  has  the  sane  moderate  degree 
of  texture  with  no  tilting  of  the  basal  poles  from  the  sheet  normal 
(Figure  21c).  The  texture  of  Ti-6Al-2Sn-4Zr-2Mo  (Figure  22)  consists  of 
one  component  with  the  [00^1]  direction  tilted  towards  the  transverse 
direction  from  the  rolling  plane  normal  by  ~  60°  and  another  component 
with  the  basal  pole  tilted  towards  the  rolling  direction  from  the  sheet 
normal  by  ~  30°. 
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3.  TfiNSIuii  AND  CK££P  PROPERTIES  OF  HYDROVAC-PROCESSED  T1-6A1-4V  AND 
Ti-6Al-2Sn-4Zr-2Mo 

Tensile  and  creep  properties  were  determined  for  hydrovac-processed 
Ti-alloys  using  vacuum  encapsulation  for  beta  annealing  and  eutectoid 
transformation. 

The  mechanical  properties  of  the  as-received  and  hydrovac-processed 
alloys  are  listed  in  Tables  6  and  7.  Hydrovac-processed  Ti-6Al-2Sn-4Zr- 
2Mo  was  brittle  at  25°C  and  fractured  with  negligible  elongation.  The 
optimum  dehydrogenation  temperature  for  hydrovac  processing  Ti-6Al-2Sn- 
4Zr-2Mo  is  slightly  higher  than  that  for  T1-6A1-4V.  Figures  23-26  com¬ 
pare  the  temperature  dependence  of  yield  stress  and  ultimate  tensile 
stress  of  as-received  and  hydrovac-processed  samples.  In  general. 


TABLE  6 

TENSILE  PROPERTIES  OF  AS-RECEIVED  ALLOYS 


Alloy 

Temperature 

[°C  (°F)1 

0.2^o  yield 
stress 

(MPa  (ksi)( 

Ultimate 
tensile  stress 
(MPa  (ksi)] 

Total 

elongation 

(%) 

959(139)<*> 

985  (143)<*> 

13.5**) 

21  (70) 

961  (139) 

1000(145) 

12.8 

964(140) 

1009(146) 

11.4 

Equiaxed-a 

205  (400) 

717  (104) 

816(118) 

11.8 

Ti-6A1-4V 

732  (106) 

822  (129) 

9.4 

371  (700) 

636  (92) 

753  (109) 

7.9 

645  (93) 

737  (107) 

7.4 

21  (70) 

849  (123) 

956  (139) 

8.6 

849  (123) 

956  (139) 

8.2 

Widmanstatten 

205  (400) 

616  (89) 

745  (108) 

8.7 

TI-6A1-4V 

658  (95) 

763  (111) 

7.8 

506  (73) 

622  (90) 

7.7 

371  (700) 

544  (79) 

641  (93) 

8.6 

550  (80) 

633  (92) 

7.8 

924  (134)U> 

1048  (152)(,) 

13.0»») 

21  (70) 

936  (136) 

1016(147) 

12.4 

936  (136) 

1017(148) 

12.6 

Duplex-annealed 

315  (600) 

645  (93) 

824  (119) 

11.2 

Ti-6  Al-  2Sn-4Zr-  2Mo 

618  (90) 

815  (118) 

9.4 

482  (900) 

589  (85) 

774(112) 

14.0 

622  (90) 

779  (113) 

16.0 

(a)  Measurements  were  made  by  the  alloy  supplier. 
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TABLE  7 

TENSILE  PROPERTIES  OF  HYDROV AC-PROCESSED  ALLOYS 


Temperature 
l#C  (°F)1 

0.2%  yield 
stress 

[MPa  (ksi)l 

Ultimate 
tensile  stress 
[MPa  (ksi)) 

Total 

elongation 

(%) 

21  (70) 

1065  (155) 

1105  (161) 

14.0 

1060(154) 

1110  (161) 

8.4 

Equiaxed-o 

205  (400) 

825  (119) 

935  (135) 

14.9 

TU6A1-4V 

835  (121) 

920  (133) 

15.6 

371  (700) 

705  (102) 

835  (121) 

8.7 

770(111) 

865  (125) 

12.7 

Temperature  (°C) 


130  ® 


Figure  23.  Effect  of  temperature  on  the  0.2%  yield  stress  of  ( o  )  as-received  and  (  a  )  hydro v«c 
processed  equiaxed*cr  T1-6AI-4V. 


Figure  24.  Effect  of  temperature  on  the  0.2 %  yield  stress  of  (  o  )  os-received  and  ( M  hydrovac- 
processed  duplex-annealed  Ti-6AI»2Sn-4Zr-2Mo. 


hydrovac  processing  increases  the  strengths  by  *  100  MPa  (15  ksi)  for 
T1-6A1-4V  and  by  nearly  200  MPa  (29  ksi)  for  Ti-6Al-2Sn-4Zr-2Mo  with  no 
loss  in  ductility.  The  strength  increments  are  produced  by  fine  sub¬ 
grain  structure. 

Figures  27  and  28  show  the  stress  dependences  of  steady-state  creep 
rates  of  conventionally-processed  and  hydrovac-processed  Ti-6Al-4V  and 
Ti-6Al-2Sn-4Zr-2Mo.  Hydrovac  processing  reduces  the  creep  rates  by 
approximately  an  order-of-magnitude  at  600°C  (1110°F)  and  520°0  (970°F) 
and  more  than  an  order-of-magnitude  at  435°C  (815°F)  and  350°C  (660°F). 
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Figure  27.  Stress  dependence  of  steady-state  creep  rate  for  equiaxed-ot  TI-6AMV  ia  as-received 
condition  (open  symbols)  and  hydrovac  condition  (dosed  symbols)  at 
(  a,  4  )  600°C,  (  o,  •)  520°C,  (o  ,  n)  435°C,  and  (v,  v  )  350#C. 


4.  SUPERPLASTIC  FORMING  AND  DIFFUSION  BONDING  OF  HYDROV AC-PROCESSED 
Ti  ALLOYS 

The  superplastic-forming  and  diffusion-bonding  tests  were  conducted 
on  Ti-6A1-4V  and  Ti-6Al-2Sn-4Zr-2tto  alloys  hydrovac  processed  at  Oregon 
Metallurgical  Corporation  using  Formkote  T50  coating  and  810°C  (1490°F) 
beta  annealing.  The  microstructural  refinements  produced  by  this  pro¬ 
cessing  were  similar  to  those  produced  by  hydrovac  processing  of  vacuum 
encapsulated  and  B70°C  (1600°F)  beta-annealed  specimens.  Oxygen 
concentrations  in  the  alloys  were  ■  0.19  wt2,  close  to  the  specification 
limit  of  0.2  wtX. 
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Figure  28.  Stress  dependence  of  steady-state  creep  rate  for  duplex-annealed  Ti-6AI-2Sn-4Zr-2Mo 
in  as-received  condition  (open  symbols)  and  hydrovac  condition  (closed  symbols)  at 
(  a  ,  a  )  600°C.  (o,*)  520°C,  (  o  ,  ■  )  435°C  and  (  v  ,  ▼  )  350°C. 


Conventionally-processed  and  hydrovac-processed  alloys  were  super- 
plastically  formed  using  the  cone-forming  tester  described  in  Section 
til. 6.  The  matrix  of  test  conditions  used  in  this  part  of  the  study  is 
shown  in  Table  8. 

Figure  29  shows  examples  of  equiaxed-a  I1-6A1-4V  samples  superplas- 
ticaliy  formed  at  900°C  (1650°F)  at  stresses  of  3.2-18.8  MPa  (0.47-2.72 
ksi).  Figure  30  shows  cross  sections  of  the  equiaxed-oc  Ti-6A1-4V  cones 
and  a  Widmanstatten  T1-6A1-4V  cone  formed  at  900°C  (1650°F)  and  18.8  MPa 
(2.72  ksi).  The  equiaxed-a  T1-6A1-4V  cones  show  uniform  straining.  The 
Widmanstatten  alloy,  which  has  poor  SPF  properties,  has  extensive  non- 
uniform  thinning. 
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TABLE  8 

MATRIX  OF  SUPERPLASTIC-FORMING  TESTS 


Stress 

Temperature  (°C) 

(MPa  (luit] 

900 

830 

800 

780 

760 

720 

18.8 

a.W.D 

a.W.D 

a 

a 

a 

a 

(2.72) 

aH 

aH.WH.DH 

aH 

aH 

aH 

aH 

9.7 

(1.40) 

a 

aH 

a.D 

aH 

— 

— 

— * 

— 

6.6 

(0.95) 

a.W.D 

— 

— 

— 

— 

— 

3.2 

(0.47) 

a 

a  —  Equiaxed-a  Ti-6A1-4V 

W  —  Widmanstatten  Ti-6A1-4V 

D  —  Duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 

aH  —  Hydrovac  equiaxed-a  Ti-6A1-4V 

WH  —  Hydrovac  Widmanstatten  Ti-6Al-4V 

DH  —  Hydrovac  duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 


Figure  29.  TI-6A1-4V  cones  formed  at  900°C  and  at 
various  pressures. 
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Figure  30.  Photographs  of  cron  section!  of  cones  aupxrpiastkally  formed  nt  900°C;  (a)  T1-6AMV 
at  3.2  MPa  (0.47  ksi),  (b)  TS-6AI-4V  at  6.6  MPa  (0.95  ksi).  (c)  T1-6AMV  at  9.7  MPa 
(1.40  ksi),  (d)  Ti-6AI*4V  at  18.8  MPa  (2.72  ksi).  and  (e)  Widmanstatten  TI4AMV 
at  18.8  MPa  (2.72  ksi). 
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Figure  31  compares  Che  superplastic  forming  strain  rates  of  conven¬ 
tionally-processed  and  hydrovac-processed  equiaxea-oc  T1-6A1-AV.  Th-i 
hydrovac-processed  Ti-6AJ-4V  has  slightly  superior  superplastic  ioraa- 
bility  properties  above  800°C  (1470°F).  Tne  micros tructures  of  the 
formed  cones  shown  in  Figure  32  indicate  that  above  8G0°C  (147Q°F), 
grain  growth  in  hydrovac-processed  alloys  is  identical  to  that  in  the 
as-received  alloys,  and  below  800°C  (1470°F),  the  grain  size  is  con¬ 
siderably  smaller  and  grain  growth  is  slower  in  hydrovac-processed 
alloys  than  in  as-received  Ti-6A1-4V.  However,  because  grain-boundary 
sliding  and  diffusion  processes  conducive  to  SPF  are  less  dominant  below 
auO°C  (1470°F),  the  fine-grain  microstructure  of  hydrovac-processed 
Ti-oAl-4V  does  not  improve  the  superplasticity  below  800°C  (147U°F). 

The  sligntly  higher  strain  rate  in  hydrovac-processed  T1-6A1-4V  above 
5JUU°C  !,  147u°F)  results  from  a  higher  amount  of  beta  phase. 


Time  (-,) 

Figure  31.  Time  dependence  of  strain  rate  of  equiasvii.a  Ti-6A1-4V  superplastically  formed  at 
18.8  MPa  (2.72  ksi)  and  (  ♦  .  c  )  (  t  .  ?  )  830°C.  (  •  .  o  )  80C°C.  (  •  .  <»  ) 

780°C,  (  • ,  g  )  760°C.  and  ;  *  ,  )  720 °C.  Closed  symbols  denote  ss-received 

condition  while  open  symbols  denote  hydrovtc  processing. 
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dydrovac  processing  nas  no  beneficial  effect  on  the  superplasticity 
at  330°C  (1525°f)  of  Widaenstatten  T1-6A1-4V  (Figure  33)  and  Ti-6Al-2Sn- 
4Zr-2Mo  (Figure  34);  the  strain  rates  are  too  low  for  practical 
applications . 

To  siaulate  the  effect  of  diffusion  bonding  preceding  superplastic 
forming,  equiaxad-o  T1-6A1-4V  and  hydrovac-processed  T1-6A1-4V  were 
superplastically  formed  after  exposure  to  900°C  (1650°F)  for  4  h.  The 
results,  shown  in  Figure  35,  indicate  chat  the  grain  growth  occurring 
during  the  soak  time  decreases  the  superplastic  strain  races  by  the  same 
amount  for  each  alloy.  The  increase  in  strain  rates  for  strains  >  1  for 
the  heat-treated  alloys  is  attributed  to  thin-out,  which  does  not  occur 
in  cones  formed  with  no  prior  hert-creatment.  The  thin-out  is  caused  by 
grain  growth  occurring  during  the  900°C  ( 1650°F)  anneal. 


Figure  33.  Tine  dependence  of  strain  of  {  •  )  Widmanstitten  and  (  o  )  hydrovac-processed 

Widmanstatten  T1-6AMV  superplastically  formed  at  830°C  and  18.8  MPa  (2.72  ksi). 
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Figure  34.  Time  dependence  of  strain  of  (  • )  duplex-annealed  and  (  o  )  hydrovac-processed 
Ti-6AI-2Sn-4Zr-2Mo  superpiastically  formed  at  830°C  and  18.8  MPa  (2.72  ksi). 


Figures  36  end  37  are  optical  photomicrographs  of  interface  regions 
of  specimens  diffusion-bonded  at  1.0  MPa  (150  psi)  for  3  h  at  850°C 
(1560°F)  and  at  1.3  MPa  (200  psi)  for  3  h  at  900°C  (1650°F).  The  as- 


received  and  hydrovac-processed  equiaxed-e:  Ti-6A1-4V  exhibit  better 


bonding  than  the  other  alleys. 


The  effects  on  pore  closure  and  grain  growth  of  post-bonding  heat  j 
treatments  were  determined  by  annealing  at  900°C  (1650°F)  for  5  h  the  j 
specimens  that  were  diffusion-bonded  at  850  and  900°C  (156C  and  1650°F).  j 
The  bonding  of  all  alloys  is  improved  by  post-bonding  heat  treatment  ] 
(Figures  38  and  39),  although  the  post-bonding  heat  treatment  does  not  ] 
result  in  closure  of  large  pores  formed  due  to  high  surface  roughness  of  j 
hydrovac-processed  specimens .  | 


Figure  35.  Time  dependence  of  stnin  of  (  o  ,  •  )  equiaxed-a  TI-6AI-4V  and  (  a  ,  &  )  equiaxed-a 
hydrovac-processed  TI-6AI-4V  superplastically  formed  al  900aC  and  18.8  MPa  (2.72 
ksi)  with  no  preheat-treatment  (open  symbols)  and  with  a  900°C,  4  h,  preheat- 
treatment  (dosed  symbols). 


The  effect  of  surface  roughness  on  bondability  was  also  examined. 
Figures  40  ard  41  are  optical  micrographs  of  the  interface  regions  of 
specimens  diffusion-bonded  at  2.0  MPa  (.300  psi)  for  3  h  at  900°C 
(looO°F).  The  hydrovac-processed  equiaxed-a  T1-6A2-4V  had  inferior 
bonding  properties  than  the  as-received  alloy;  this  result  is  due 
entirely  to  surface  roughness  since  the  interface  whose  surface  was 
polished  (Figure  40c)  bonded  as  well  as  the  as-received  alloy  (Figure 
40a).  The  Ti-bAl-2Sn-4Zr-2Mo  alloy  did  not  bond  well.  Hydrovac  pro¬ 
cessing  has  no  significant  effect  on  the  diffusion  bondability  of  the 
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Figure  37.  Photomicrographs  of  interface  regions  of  specimens  diffusion-bonded  for  3  h  at 
900°C  and  1.3  MPa  (200  p*i);  (a)  equiaxed-a  TI-6AI-4V,  (b)  hydrovac-processed 
TI-6AI-4V,  (c)  duplex-annealed  Ti-6AI-2Sn-4Zr-2Mo,  and  (d)  hydrovac-processed 
Ti*6  AI-2Sn-4Zr-2Mo . 
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Figure  M.  Photomicrographs  of  interface  regions  of  specimens  diffusion-bonded  for  3  h  at 
R50°C  and  1.0  MPa  (ISO  psi)  and  annealed  at  900°C  for  5  h;  (a)  equiaxed-a 
TI-6AI-4V,  (b)  hydrovac-processed  Ti-6AI-4V,  (c)  duplex-annealed  TI-*AI-lSh-4Z.r'2f*|o. 
and  (d)  hydrovac-processed  Ti-6AI-2Sn-4Zr-2Mo. 
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Figure  39.  Photomicrographs  of  interface  region  oi  specimens  diffusion-bonded  for  3  h  al 
900°C  and  1.3  MPa  (200  psi)  and  aaaeaied  at  900°C  for  5  !a;  (a)  eqaiaxed-o 
TWAI-4V ,  (b)  hydrovac-proctsaed  TWAMV,  (c)  dopkx-annenied  Ti-6Ai-2Sn-4Zr-2Mo, 
and  (d)  hydros ac-processcd  Tl-6Ai-2Sn-4Zr-2Mo. 
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Figure  40.  Photomicrographs  of  interface  regions  of  specimens  diffusion-bonded  for  3  h  at 
900°C  and  2.0  MPa  (300  psi);  (a)  equiaxed-o  TWAI-4V,  (b)  hydrovac-processed 
TI-6AI-4V,  and  (c)  polished,  hydrovac-processed  TWAI-4V. 


Figure  41.  Photomicrographs  of  interface  regions  of  specimens  diffusion-bonded  for  3  h  at 

900°C  and  2.0  MPa  (300  psi);  (a)  duplex-annealed  Ti-6AI-2Sn-4Zr-2Mo,  (b)  polished, 
duplex-annealed  TH>AI-2Sn-4Zr-2Mo,  and  (c)  polished,  hydrovac-processed 
Ti-6  AI-2Sn-4Zr-2Mo . 


SECTION  V 

SUPERPLASTIC  FORMING  AND  0  Iff  US  ION  BONDING  OF  Ti-ALLQYS 
CONTAINING  INTERNAL  HYDROGEN 

1.  EFFECTS  Of  INTERNAL  HYDROGEN  ON  SPF/DB  OF  TITANIUM  ALLOYS 

The  instrumented  cone-f otmi ng  test  apparatus  shown  in  Figure  .12  was 
used  to  charge  the  specimens  with  hydrogen  and  determine  the  SPF  proper¬ 
ties  of  samples  at  different  forming  parameters. 

In-situ  hydrogen  charging  for  cone-forming  tests  was  accomplished  by 
applying  equal  pressures  of  argon  with  1-4  vol%  hydrogen  to  both  sides 
of  the  sample  disk..  The  clamping  force  on  the  dink.  was  monitored  and 
adjusted  to  permit  controlled  amounts  of  gas  to  escape  and  thus  ensure  a 
fresh  supply  of  hydrogen  at  each  surface.  Generally,  the  desired  hydro¬ 
gen  concentration  was  obtained  by  heating  at  760°C  (1400°F)  for  2.5  h  at 
tne  appropriate,  hydrogen  partial  pressure  [400-4000  Pa  (3-30  Torr)]. 
for  samples  formed  at  temperatures  less  than  760°C  (1400°F),  charging 
was  dene  at  uhe  test  temperature,  and  the  hydrogen  partial  pressure  was 
changed  accordingly.  For  tests  where  internal  hydrogen  '’as  maintained, 
the  pressure  was  released  from  one  side  cf  the  sample,  and  the  pressure 
on  the  other  side  was  increased  to  the  desired  level  for  forming.  The 
superplastic  forming  test  then  progressed  as  for  uncharged  specimens. 
Internal  hydrogen  concentrations  were  determined  by  measuring  the  change 
in  weight  of  sections  of  formed  samples  upon  vacuum  annealing  at  950°C 
(1740°F)  for  4  h.  Typical  micrographs  (Figure  42)  of  cross  sections  of 
./ater-quenched  samples  show  the  hydrides  to  be  uniformly  distributed 
throughout  the  bulk,  thus  indicating  that  the  inner  and  outer  surfaces 
of  the  cones  have  the  same  hydrogen  concentrations. 

Photographs  of  cross  sections  of  cones  formed  for  2  h  at  7b0cC 
(1400°F)  shown  in  Figure  43  illustrate  the  dramatic  improvement  in 
forming  caused  by  0.11  wtZ  hydrogen.  The  time  dependences  of  superplas¬ 
tic  strain  rates  of  equiaxed-a  T1-6A1-4V  containing  different  amounts  of 
tiydrogen  and  tested  at  360,  800,  and  760°C  (1580,  1470,  and  1400°F)  are 
shown  in  Figures  44-46  respectively.  At  860°C  (1580°F),  samples  con¬ 
taining  less  than  0.38  wt)l  hydrogen  formed  at  a  faster  rate  than  the  as- 
received  alloy.  Similarly,  at  800°C  (1470°F),  samples  containing  less 
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Figure  42.  Cross  sections  of  equiaxed-a  TI-6AI-4V  cones  containing  (a)  0.34  and  (b)  0.39  wt% 
hydrogen  and  superplasticaily  formed  at  800°C  and  18.8  MPa  (2.72  ksi). 


Figure  43.  Cross  sections  of  equiaxed-a  Ti-6AI-4V  cones  superplasticaily  formed  at  760°C  and 
18.8  MPa  (2.72  ksi)  for  2  h  (a)  uncharged  and  (b)  charged  to  0.11  wt®7o  hydrogen. 
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Figure  44.  F.Sfect  of  internal  hydrogen  of  super  plastic  forming  of  equiaxed-a  Ti-6Ai*«*V  xt  $S0“C 
rnd  13.8  VfPo  (2.72  ksi). 


cnan  u.od  wt£  hydrogen  formed  at  faster  rates  chan  as -received  mater¬ 
ials.  At  7 t>u°C  (140Cr’7),  sampled  containing  hydrogen  concent ration*;  of 
U.il  co  U.4S  wc.i  tortneu  raster  t.ien  the  as-rcceived  material.  At  the 
three  temperatures,  swU  amounts  ot  hydrogen  (.U3v.a.liy  <  0.1,5  wtS) 
result  in  the  beat  forming  properties. 

Figure  47  shows  the  modification,  in  microstrnctures  and  sups'-plastic 
strain  rates  effected  by  hydrogen  additions  at  7?,0-9C0°C  (i33G~lt'50°F} . 
The  number  associated  with  each  date  point  reisrs  to  the  ratio  of  the 
strain  rate  at  that  concentration  and  temperature  div.dert  by  the  strain 
rate  of  an  as-received  sample  at  the  same  temperature.  Strain  races 
were  deter-ined  from  the  slope  of  the  strain/tiae  plots  by  neglecting 
the  initial  rapid  strain-rate  legion  (wh*re  stresses  ars  higher  because 
the  sample  has  not  yet  tuade  tangential  contact  witii  the  die)  and  at-.y 


Time  ($> 

Figure  45.  Effect  of  internal  hydrogen  on  Mperpiastlc  forming  of  egmiexad*4]r 
T1-6A1-4V  at  800°C  and  18.8  MPa  #2.71  ksi). 


terminal  increase  ir.  Jtrain  rate  caused  by  thin-out  of  the  sample. 
Samples  in  region  A  were  formed  in  the  alph? -beta  region,  while  region  B 
is  the  beta  region,  .iicros  cruet  urea  of  samples  formed  in  region  C  are 
chosi  cf  eutectoid  decomposition  products. 

The  results  of  Figures  44-46  can  be  explained  using  the  diagram  of 
Figure  47.  All  hydrogen-charged  samples  at  860°C  (1580°F)  (Figure  44) 
have  a  beta  micros cructure  during  forming  and  failed  at  small  strains 
(<  1.4),  whereas  the  uncharged  alpha-beta  sample  attained  much  larger 
strains.  Samples  barely  in  the  beta  region  (0.23  -  0.38  wtZ  H2)  formed 
at  a  faster  rate  because  of  the  lower  flow  stress  of  8  phase  and  slower 
grain  growth,  but  samples  of  higher  hydrogen  content  formed  slower 
because  of  excessive  grain  growth  of  the  single  phase  relative  to  grain 
growth  in  a  +  P  phase  field.  Similarly  at  800°C  (1470°F)  (Figure  45), 
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Figure  46.  Effect  of  internal  hydrogen  on  superpiaitic  forming  of  equiaxed-a 
TI-6AMV  at  7«G°C  and  18.S  MPa  (2.72  ksi). 


samples  containing  0.07  and  0.24  wtZ  H  formed  faster  with  the  latter 
sample  failing  at  a  lower  strain  because  of  its  beta  microstructure. 
Samples  having  greater  amounts  of  hydrogen  formed  at  slower  rates 
because  of  the  resistance  to  sliding  of  the  larger  grains.  At  760°C 
(1400°F),  hydrogen  provides  improvements,  with  the  improvements  being 
less  when  samples  are  our.  of  the  alpha-beta  region. 

The  improvement  in  forming  that  can  be  obtained  through  hydrogen 
additions  is  depicted  in  Figure  48,  which  shows  the  forming  time 
required  to  obtain  a  true  strain  of  1.25  for  various  temperature/ 
hydrogen-concentration  combinations.  For  example,  an  uncharged  sample 
must  be  formed  at  870°C  (1600°F)  to  reach  a  strain  of  1.25  in  30  min, 
while  samples  containing  0.2  wt%  hydrogen  will  achieve  the  same  strain 
in  30  min  at  820°C  C1510°F). 
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Figure  4S.  Forming  time  required  to  achieve  a  true  strain  of  1.25  in  equiaxed-or  TI-6AMV  for 
temperature/  hydrogen*concentration  combinations. 


The  time  dependence  of  superplastic  strain  rates  of  Ti-6Al-2Sn-4Zr- 
2rio  containing  different  amounts  of  hydrogen  and  tested  at  900,  830,  and 
800°u  (1650,  1525,  and  1470°F)  are  shown  in  Figures  49-51,  respectively. 
Improvements  are  more  dramatic  than  for  T1-6A1-4V.  For  instance,  at  the 
lower  temperature  of  800°C  (1470°F),  strains  that  could  not  be 
approached  for  uncharged  samples  are  easily  achievable  for  low  amounts 
of  hydrogen.  Figure  52  illustrates  this  improvement  in  formability.  At 
63U°C  (1525°F),  the  uncharged  Ti-6Al-2Sn-4Zr-2Mo  is  not  sufficiently 
formaole  for  any  practical  applications,  but  the  addition  of  0.14  «t* 
hydrogen  permits  strains  of  2  to  be  obtained  in  less  than  2  h.  Figure 
53  summarises  the  modifications  in  microstructures  and  SPF  strain  rates 
effected  by  hydrogen  additions  for  Ti-6Al-2Sn-4Zr-2Mo.  At  830°C 
(1525°F),  for  example,  hydrogen  concentrations  of  0.06  and  0.14  wt£ 
cause  large  increases  in  strain  rate.  The  photomicrographs  show  the 
microstructure  to  be  alpha-beta  with  little  change  in  grain  size  but 
with  a  large  increase  in  volume  fraction  of  the  beta  phase,  as  expected 
trora  tne  decrease  in  the  beta  transus  temperature.  The  sample  contain¬ 
ing  0.41  wtX  hydrogen  is  all  beta  phase;  however,  the  grain  size  is  much 
larger,  thus  causing  an  overall  decrease  in  strain  rate.  The  dotted 
line  in  Figure  53  separates  the  alpha-beta  (A)  from  the  beta  (B) 
regions . 
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Figure  49.  Effect  of  interval  hydrogen  oa  saperpUuMk  forming  of  duplex-annealed  Ti-6AI-2Sn- 
4Zr-2Mo  at  900°C  and  18.8  MPa  (2.72  kai). 


The  beneficial  effects  of  hydrogen  additions  on  the  superplastic 
deformation  of  titanium  alloys  arise  from  the  production  of 
superplastic-favorable  alpha-beta  proportions  at  lower  temperatures  by 
lowering  the  beta  transus  temperature.  The  beneficial  effects  on  hot 
workability  of  lowering  the  beta  transus  temperature  in  hydrogen- 
modified  titanium  alloys  were  previously  identified  by  Sirla  and  DePeire 
( Reference  6),  who  demonstrated  a  30-50%  reduction  in  flow  stress  during 
isothermal  forging  at  730°C  (1345°F)  of  Ti-6Al-2Sn-4Zr-2Mo-0.4H. 

To  model  the  high-temperature  deformation  of  a  two-phase  alloy  in 
tarns  of  properties  of  the  individual  phases,  the  -rule  of  mixtures  given 
by  the  following  equations  is  used  (References  11  and  12): 
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Figure  SO.  Effect  of  internal  hydrogen  on  superpine tk  forming  of  duplex-annealed  Ti-6AI-2Sn- 
4Zr-2Mo  at  «30°C  and  18.S  MPa  (2.72  ksi). 
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for  isostress  conditions,  and 
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for  isostrain  conditions,  where  S  and  e  are  the  overall  flow  stress  and 


strain  of  the  two  phase  alloys,  V  and  V_  are  the  volume  fractions  of 

a  p 


alpna  and  beta  phases,  and  are  tne  flow  stresses  of  alpha  and  beta 


phases,  and  e  and  e_  are  the  strains  in  alpha  and  beta  phases 
a  p 


For  a 

rigorous  analysis  of  the  superplastic  behavior  of  two-phase  Ti  alloys  in 
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Figure  51.  Effect  of  internal  hydrogen  on  superplastic  forming  of  duplex-annealed 
Ti-6AI-2Sn-4Zr-2Mo  at  800°C  and  18.8  MPa  (2.72  ksi). 


Figure  52.  Cross  sections  of  duplex-annealed  Tl-6AI-2Sn-4Zr-2Mo  cones  superplastkally  formed 
at  830°C  and  18.8  MPa  (2.72  ksi)  for  2  h  (a)  uncharged  and  (b)  charged  to  0.11  wt^fe 
hydrogen. 
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Figure  53. 


Effect  of  hydrogen  concentration  on  the  superplastic  forming  properties  of  duplex- 
annealed  Ti-6AI-2Sn-4Zr-2Mo  at  various  temperatures.  The  number  associated  with 
each  data  point  Is  the  ratio  of  the  strain  rate  at  that  hydrogen  concentration  divided 
by  the  strain  rate  of  the  uncharged  sample  at  that  temperature.  Also  shown  art 
microstructures  of  selected  formed  parts. 
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terms  of  Equations  (3)  and  (4),  the  constitutive  equations  relating  the 
alloys  composition,  grain  size,  and  texture  to  the  temperature,  strain, 
and  strain-rate  dependence  of  flow  stress  must  be  known.  The  continuous 
changes  in  the  alloy  oicrostructure  and  phase  composition  with  tempera¬ 
ture  and  time  should  be  given  proper  consideration  in  obtaining  the  con¬ 
stitutive  equations.  Because  such  detailed  constitutive  equations  are 
not  available,  the  observed  effects  of  hydrogen  additions  will  be  quali¬ 
tatively  rationalized  on  the  basis  of  the  experimentally  determined 
relation  between  metallurgical  and  process  parameters  for  two-phase 
titanium  alloys  (References  1  and  13). 

The  Increase  in  superplastic  strain  rate  with  Increasing  volume 
fraction  of  beta  phase  observed  in  the  present  investigation  agrees  with 
that  predicted  from  Figure  8  when  necessary  corrections  are  made  for  the 
temperature  effects  ou  superplastic  strain  rates.  At  constant  grain 
size  and  applied  stress,  the  strain  rate  increases  with  increasing 
amounts  of  beta  phase.  Because  diffusion  processes  are  dominant  in 
superplastic  deformation,  increasing  amounts  of  beta  phase  result  in  an 
increased  superplastic  strain  rata  because  of  higher  diffusivities  in 
the  beta  phase  (References  14  and  15).  At  high  hydrogen  concentrations 
where  the  alloy  is  single-phase  beta,  although  diffusivities  are  con¬ 
siderably  higher,  the  strain  rates  are  not  correspondingly  higher  be¬ 
cause  of  extensive  grain  growth.  Thus,  a  large  amount  of  beta  phase  is 
required  for  higher  strains,  and  a  two-phase  microsructure  is  required 
for  obtaining  stable,  fine-grain  micros tructures .  Thus,  although  the 
alloys  ?  and  Q  in  Figure  47  have  higher  initial  strain  rates,  grain 
growth  is  rapid  and  failure  occurs  at  small  straius  because  these  alloys 
are  single  phase  (Figures  43  and  44). 

The  effect  of  hydrogen  charging  on  the  superplasticity  of  bydrovac- 
processed  equiaxed-a  T1-6A1-4V  was  investigated.  Figure  54  compares  the 
forming  rates  of  uncharged  Ti-6A1-4V  with  hydrovac-processed  T1-6A1-4V 
and  as-received  T1-6A1-4V  specimens  exposed  to  the  same  temperatures  and 
times  used  in  hydrogen  charging.  The  properties  of  the  hydrovac- 
procassed  T1-6A1-4V  are  improved  upon  hydrogen  additions,  although  to  a 
•  lesser  extent  than  in  the  hydrogen-charged,  equiaxed-a  Ti-6Al-4V. 


67 


Figure  54.  Time  dependence  of  strain  of  (  o )  equiaxed-o  TU6AWV,  (  &)  hydrogen-charged 

TI-6AI-4V ,  and  ( o)  hydrogen-charged,  hydrovac-processed  TI-6AI-4V  superplastkaily 
formed  at  760°C  and  18.8  MPa  (2.72  ksi). 

The  feasibility  of  improving  diffusion  bonding  of  Ti-alloys  by 
hydrogen  additions  was  investigated.  16  mo  x  16  mm  (0.6  x  0.6  in.) 
specimens  charged  with  0.06-0.9  wtX  hydrogen  were  used.  The  diffusion¬ 
bonding  procedure  consisted  of  flushing  the  bonding  chamber  twice  with 
the  Ar  +  4  wt%  H->  gas  mixture,  evacuating  the  chamber  with  no  applied 
load  on  the  samples  to  avoid  entrapped  gas,  applying  a  load  of  1.9  MPa 
(275  psi),  heating  to  450°C  (84Q°F)  in  vacuum  to  degas  the  system  while 
keeping  the  hydrogen  in  solution,  bleeding  in  the  Ar  +  4  wtX  Hj  gas 
mixture  to  atmospheric  pressure,  and  heating  to  the  bonding  temperature 
which  was  maintained  for  3.5  h. 

The  samples  to  be  bonded  were  placed  on  top  of  each  other,  with  each 
pair  separated  by  a  sheet  of  Mo  to  prevent  diffusion  from  sample  to 
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3am? le.  10^  Pa  (760  Torr)  of  Ar  +•  4  wtZ  Hj  i3  in  equilibrium  with  0.29 
wtZ  H,  in  the  sample.  Hence  it  is  expected  that  samples  initially 
containing  less  than  0.291  Hj  will  pick.-up  hydrogen  during  the  bonding, 
while  samples  initially  containing  >  0.29%  Hj  will  lose  some  hydrogen. 
Table  9  shows  that  the  changes  in  hydrogen  concentration  occurring 
during  bonding  for  two  typical  bonding  tests  are  negligible,  and  chat 
the  desired  hydrogen  levels  are  maintained  during  bonding. 


TABLE  9 

CHANGES  IN  INTERNAL  HYDROGEN  CONCENTRATIONS 
RESULTING  FROM  DIFFUSION  BONDING  TESTS 


Alloy-bonding 
tea  pen  tare 

(°a 

Initial  H2 
» - » 

HTH 

(wtb») 

Post-bonding  H2 
level 

(wt<7«) 

Equiaxed-a 

0 

0.04 

Ti-6A1-4V 

0.17 

0.13 

800°  C 

0.31 

0.31 

0.90 

0.77 

Duplex-annealed 

0 

0.03 

Ti-6Al-2Sn-4Zr-2Mo 

0.06 

0.07 

860°  C 

0.15 

0.24 

0.25 

0.23 

Figure  55  indicates  the  effect  of  internal  hydrogen  on  bondability 
of  Ti-6Al-2Sn-4Zr-2Mo  and  equiaxed-a  Ti-6Al-4V  at  various  temperatures 
when  a  load  of  1.9  MPa  (275  psi)  is  applied  for  3.5  h  and  hydrogen  is 
maintained  in  solution.  No  noticeable  improvement  was  observed. 

2.  EFFECTS  OF  HYDROGEN  EVOLUTION  ON  SPF/D3  OF  TITANIUM  ALLOYS 

To  investigate  the  possibility  of  utilizing  the  high  density  of  lat¬ 
tice  defects  generated  during  hydrogen  evolution  for  increasing  super¬ 
plastic  forming  rates,  samples  were  charged  with  hydrogen  and  then 
suparplastically  formed  as  hydrogen  evolved. 
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Figure  55.  Percentage  of  bonded  interface  when  (a)  duplex-annealed  Ti-6AI-2Su-4Zr-2Mo  and 
(b)  equiaxed-a  TI-6AI-4V  are  exposed  to  a  pressure  of  1.9  MPa  (275  psi)  for  3.5  h 
and  hydrogen  is  maintained  in  solution. 


Samples  of  T1-6A1-4V  and  TI-6Al-2Sn-4Zr-2Mo  were  charged  to  0.45  wtZ 
hydrogen  and  then  heated  In  a  mechanically  pumped  chamber  at  300°C 
(1470°F)  for  2  h.  The  final  hydrogen  level  was  determined  to  be  <  0.05 
wt 7.  H2,  indicating  that  essentially  all  hydrogen  evolved  during  the 
anneal.  For  cone-forming  tests,  samples  were  charged  as  described 
earlier  and  formed  using  a  pure  argon  supply  rather  than  the  hydrogen- 
argon  charging  mixture  to  pressurize  one  side  of  the  sample  while  evacu¬ 
ating  the  die  side  of  the  sample  with  a  mechanical  pump. 

An  equiaxed-a  Ti-6A1-4V  sample  was  charged  to  0.15  wt%  H2  and  then 
formed  as  internal  hydrogen  was  allowed  to  evolve.  The  formed  part  had 
a  hydrogen  concentration  of  0.05  wt2,  which  indicates  that  0.10  wt 7, 
hydrogen  evolved  during  forming.  The  forming  rates  of  this  sample  are 
compared  with  those  of  other  samples  charged  to  various  amounts  of 
hydrogen  in  Figure  56.  The  formability  of  the  sample  evolving  hydrogen 
is  better  than  that  of  the  uncharged  specimen;  however,  the  samples  con¬ 
taining  hydrogen  have  higher  superplastic  strain  rates  than  the  sample 
evolving  hydrogen. 
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Figure  56.  Effect  of  internal-hydrogen  evolution  on  superplastic  forming 
of  equiaxed-cr  T1-6AI-4V  at  760°C  and  18.6  MPa  (2.72  ksi) 


The  effect  of  hydrogen  evolution  on  boadability  was  investigated  for 
two  different  situations:  1)  hydrogen  allowed  to  evolve  while  the 
samples  are  heated  to  the  bonding  temperature,  and  2)  hydrogen  main¬ 
tained  in  the  sample  until  the  bonding  temperature  Is  reached  and  Chen 
allowed  Co  evolve.  In  both  conditions,  the  sample  preparation  and  ini¬ 
tial  bonding  procedures  were  the  same  as  chose  used  in  tests  in  which 
hydrogen  was  maintained  in  the  sample  during  bonding.  Hydrogen  analysis 
of  the  bonded  specimens  revealed  that  complete  hydrogen  evolution 
occurred  during  the  bonding  operations. 

figures  57  and  5d  indicate  the  effects  of  hydrogen  evoluton  prior  to 
bonding  and  during  bonding,  respectively.  Neither  procedure  improves 
the  bondabllicy  of  the  alloy. 
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Figure  57.  Percentage  of  bonded  interface  when  (a>  duplex-annealed  Ti-6AI-2Sn-4Zr-2Mo  and 
(b)  equiaxed-a  TI-6AMV  are  exposed  to  a  pressure  of  1.9  MPa  (275  psi)  for  3.5  h 
and  hydrogen  is  allowed  to  evolve  as  samples  are  heated  to  bonding  temperatures. 


Internal-hydrogen  concentration  (wt*?o) 

Figure  58.  Percentage  of  bonded  interface  when  (a)  duplex-annealed  Ti-6AI-2Sn-4Zr-2Mo  and 
(b)  equiaxed-a  T1-6AI-4V  are  exposed  to  a  pressure  of  1.9  MPa  (275  pal)  for  3.5  h 
and  hydrogen  is  maintained  in  solution  until  the  bonding  temperature  is  reached  and 
then  allowed  to  evolve. 
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SECTION  VI 

PROPERTIES  OF  SUPER? LAST ICALLY  FORMED  Ti -ALLOY  TROUGHS 

Panels  of  T1-6A1-4V  and  Ti-6Al-2Sn-4Zr-2Mo  [400  x  400  am  (16  x  16  j 

in.)]  were  hydrogen  charged  in-situ  and  superplastically  formed  into  ! 

trough-shaped  dies.  Initially,  equiaxed-a  Ti-6A1-4V  samples  were  j 

charged  with  hydrogen  using  the  conditions  determined  from  the  cone-  \ 

forming  tests.  The  samples  were  formed  under  constant  pressure,  and  the 
preliminary  test3  were  stopped  prior  to  the  panel  touching  the  bottom  of 
the  die  to  enable  the  actual  strain  rate  to  De  compared  with  that  deter-  j 

mined  from  cone-forming  tests.  j 

1 

Hydrogen  levels  were  determined  by  measuring  weight  loss  caused  by 
dehydrogenation  of  tabs  cut  from  the  formed  parts.  Table  10  lists  the 
forming  temperature,  desired  hydrogen  level,  predicted  strain,  actual 
hydrogen  level,  and  actual  strain  for  the  first  three  tests. 

Two  troughs  were  formed  in  each  test,  thus  accounting  for  the  two 
values  of  actual  strain.  The  good  agreement  between  desired  and  actual 
strain  for  test  3  (uncharged)  indicates  the  applicabiity  of  cone  test 
data  to  actual  forming  conditions.  The  low  actual  strains  for  tests  1 
and  2  are  attributed  to  the  low  hydrogen  levels  achieved.  The  trough 
dies  have  a  greater  ratio  of  surface  area  to  gas  cavity  volume  than  the 
cone  tester,  and  this  difference  is  believed  to  be  the  cause  of  the 
lower-than-expected  amounts  of  internal  hydrogen.  Charging  conditions 
were  altered  to  increase  the  amounts  of  internal  hydrogen  in  the  suc- 


TABLE  10 

FORMING  PARAMETERS  AND  ACTUAL  STRAINS  OF  PRELIMINARY 
TROUGH-FORMING  TESTS  ON  EQULAXED-cr  TMAMV  CONTAINING  HYDROGEN 


Test 

number 

Forming 

temperature 

(°C) 

Desired 

wt*t« 

hydrogen 

Predicted 
strain,  t 

Actual 

Wt°7o 

hydrogen 

Actual 
strain,  t 

1 

760 

0.2 

0.189 

0.03 

0.069  ,  0.067 

2 

800 

0.1 

0.163 

0.01 

0.069,  0.066 

3 

800 

0 

0.062 

0 

0.061,  0.059 

ceeding  panels.  Table  11  lists  the  charging  conditions  and  the  result¬ 
ing  hydrogen  concentrations  and  strains  actually  obtained. 

The  hydrogen  levels  attained  in  tests  7  and  8  were  in  the  lower  end 
of  tne  acceptable  range.  Panel  9  was  formed  to  completion  using  tne 
charging  parameters  of  panel  8.  Panel  9  was  formed  with  an  applied 
stress  of  26.2  MPa  (3.8  icsi)  until  tne  sample  made  contact  with  the 
trough  (expected  strain-rate  is  3  x  10“ V s),  and  the  stress  was  de¬ 
creased  to  18.8  MPa  (2.7  ksi)  to  fill  in  the  corners  (expected  strain- 
rate  is  1  x  10“^/s). 

The  equiaxed-a  Ti-6A1-4V  panel  9  formed  to  completion  (e  •  0.85  at 
the  corners)  at  800°C  (1470°F)  and  three  views  of  the  formed  panel  are 
shown  in  Figure  59.  The  hydrogen  concentration  was  determined  to  be 
0.17  wt%.  From  the  final  strain  obtained  and  the  duration  of  applied 
stress,  the  strain  rate  was  determined  to  be  at  least  1.85  times  faster 
than  the  expected  strain  rate  for  uncharged  Ti-6Al-4V. 

Ti-6Al-2Sn-4Zr-2Mo  samples  were  charged  with  the  conditions  used  in 
forming  panel  9  in  an  attempt  to  achieve  hydrogen  levels  of  approxi¬ 
mately  0.2  wt*.  Table  12  lists  the  results  of  the  first  two  charging 
and  forming  attempts.  Panel  11  was  stopped  prematurely  because  of  a 
leak.  The  attained  hydrogen  levels  were  less  than  the  desired  value. 


TABLE  11 

HYDROGEN  CONCENTRATIONS  OBTAINED  IN  EQUIAXED-a  TI-6AMV 
PANELS  UNDER  DIFFERENT  CHARGING  CONDITIONS  AND 
STRAIN  ATTAINED  WHEN  FORMED  INTO  TROUGH. 


Test 

Number 

Charting 

temperature 

CO 

Charging 

time 

(h) 

Charge 

pressure 

(kPa) 

Hydrogen 

in 

gas  mixture 

Hydrogen 
flow  rate 

(L/h) 

Actual 

Wt*7o 

hydrogen 

Trough¬ 
forming 
strain,  t 

1 

760 

2 

1.03 

1 

140 

0.03 

0.068 

2 

760 

2 

0.34 

1 

140 

0.01 

0.068 

3 

No  charging 

-  merely  a  forming  test  of  as-received  specimen 

0.060 

4 

760 

2 

0.34 

5 

140 

0.05 

0.054 

5 

720 

2 

1.38 

5 

140 

0.05 

0.052 

6 

720 

2 

1.38 

5 

140 

0.04 

0.061 

7 

640 

4 

1.38 

5 

140 

OJO 

0.089 

8 

640 

4 

1.38 

5 

140 

0.00 

0.081 

Panel  12  was  charged  under  Che  same  conditions  as  panel  11  and  Chen 
formed  at  a  stress  of  18.8  MPa  (2.7  ksi)  at  a  higher  temperature  of 
875°C.  This  panel  formed  to  near-completion  attaining  a  strain  of  0.80 
at  the  corners  with  a  two-fold  increase  in  forming  rate  over  the 
uncharged  specimens.  The  hydrogen  level  was  only  0.06  wtX,  and  a  faster 
rate  would  be  anticipated  if  a  higher  hydrogen  level  were  attained. 
Figure  60  shows  three  views  of  the  formed  part.  Sections  of  the  through 
bottoms  of  panels  9  and  12  were  dehydrogenated  at  675°C  (1245°F)  for 
4  h.  Table  13  compares  the  tensile  properties  of  these  sections  with 
those  of  the  a  -fabricated  alloys  and  with  panels  formed  from  uncharged 
alloys.  The  panels  formed  by  hydrogen  additions  and  dehydrogenated 
after  forming  have  strengths  equal  Co  the  as-fabricated  material  and 
slightly  lower  ductilities;  however,  the  uniform  elongations  are  compar¬ 
able.  Panels  9  and  12  have  somewhat  superior  strengths  than  con¬ 
ventionally  formed  panels,  although  they  were  not  as  ductile. 

Figure  61  shows  the  microstructures  of  as-received,  hydrogen-charged 
and  heated,  and  hydrogen-charged  and  superplastically  formed  Ti-6Al-2Sn- 
6Zr-2tlo.  The  formed  parts  have  coarser  grains,  possibly  accounting  for 
the  decreased  ductility;  grain  growth  appears  to  be  strain  rather  than 
temperature  induced.  Figure  62  shows  the  grain  growth  caused  by  strain 
in  superplastically  formed,  equiaxed-a  Ti-6A1-4V. 


TABLE  12 

FORMING  PARAMETERS  FOR  PRELIMINARY  TROUGH-FORMING  TESTS  ON 
DUPLEX-ANNEALED  Ti-6AI-2Sn-4Zr-2Mo  CONTAINING  HYDROGEN 


Panel 

Hydrogen 

Test 

Test 

Strain 

number 

temperature 

stress 

Strain,  e 

rate,  f 

(wtwo) 

rci 

[MPa  (ksi)| 

(S'*) 

10 

0.08 

830 

26.2  (3.8) 

0.21 

4.7  x  10'5 

11 

0.06 

830 

34.5  (5) 

0.19 

7.0  x  10'? 
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TABLE  13 

COMPARISON  OF  MECHANICAL  PROPERTIES  OF  AS-RECEIVED  PANELS, 
CONVENTIONALLY  SUPERPLASTICALLY  FORMED  PANELS,  AND 
SUPERPLASTIC  ALLY  FORMED  PANELS  WITH  INTERNAL  HYDROGEN. 


0.2*  yield 

Ultimate 

Total 

Uniform 

Alloy 

Condition 

stress 

tensile  stress 

elongation 

elongation 

[MPa  (ksi)| 

[MPa  (ksi)) 

(*) 

(*) 

As-received 

961  (139) 

1000(145) 

12.8 

7.8 

964(140) 

1009(146) 

11.4 

7.6 

Conventional 

859(123) 

923  (134) 

15.2 

— 

Equiaxed-a 

Ti-6Al-4V 

superplastic 

forming^) 

872(126) 

910(132) 

12.5 

Superplastic 

958  (139) 

1005  (146) 

7.0 

5.9 

forming  with 

internal 

hydrogen 

938  (136) 

986(143) 

7.9 

6.2 

As-received 

936  (136) 

1016(147) 

12.4 

7.8 

936  (136) 

1017  (148) 

12.6 

8.2 

Conventional 

925  (134) 

987  (143) 

12.5 

— 

Duplex-annealed 

superplastic 

935  (136) 

997  (145) 

11.8 

— 

Ti-6Al-2Sn-4Zr-2Mo 

forming*** 

Superplastic 

958  (139) 

1007  (146) 

10.2 

6.7 

forming  with 

internal 

hydrogen 

936(136) 

986(143) 

7.3 

4.6 

(a)  Reference  1. 
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Figure  61.  Scanning  electron  micrographs  of  duplex-annealed  Ti-6AI-2Sn-4Zr-2Mo  used  in  the 
forming  of  panel  12:  (a)  as-received;  (b)  uncharged,  heated,  but  unformed;  and 
(c)  hydrogen  charged,  heated,  and  formed  to  a  true  strain  of  0.80. 
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Figure  62.  Scanning  electron  micrographs  of  equiaxed-a  T1-6AI-4V  used  in  the  forming  of  panel 
9:  (a)  uncharged;  heated,  hut  unformed;  and  (b)  hydrogen  charged,  heated,  and 
formed  to  a  true  straia  of  0.85. 
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SECTION  VII 
CONCLUSIONS 


1.  Uniquely  fin*  microstructures  can  be  obtained  for  laboratory-type 
specimens  of  Ti-6Al-4V  and  Ti-6Al-2Stt-4Zr-2Mo  by  hydrovac  processing 
using  vacuum  encapsulation  for  beta  annealing  and  subsequent 
transformation. 

2.  In  order  for  production-size  panels  to  be  processed,  a  protective 
coating  must  be  used  to  prevent  oxygen  pick-up  during  the  beta  anneal; 
the  two  coatings  tested  in  this  program,  Formkote  T50  and  Deltaglaze 
349  M,  resulted  in  oxygen  concentrations  above  the  specification  limits. 

3 .  The  temperature  of  the  panels  must  be  closely  monitored  because 
variations  of  ±  I5°C  during  dehydrogenation  are  crucial;  some  care  must 
be  used  in  handling  the  panels  before  dehydrogenation,  although  they  are 
not  extremely  brittle. 

4-.  Correctly  processed  hydrovac  materials  exhibit  Increases  in  room- 
and  elevated-temperature  tensile  strengths  of  over  100  MPa  (15  ksi). 

5 .  Hydrovac  processed  Ti-alloys  exhibit  decreases  in  creep  rates  of  at 
least  an  order-of-magnitude;  superplastic-forming  and  diffusion-bonding 
properties  are  not  improved  by  hydrovac  processing. 

b .  Small  amounts  of  internal  hydrogen  decrease  the  beta  transus  temper¬ 
ature  of  the  alloys,  increase  the  percentage  of  beta  phase  at  the  super¬ 
plastic  forming  temperature,  and  increase  the  superplastic  strain  rates. 

7.  Optimum  amounts  of  hydrogen  (-  0.1  wtZ)  enable  alloys  to  be  formed 
at  lower  temperatures  and  Ti-6A_L-2Sn-4Zr-2Mo  to  be  formed  into  shapes 
not  possible  at  any  temperature  using  conventional  forming  methods. 

8.  Large  troughs  having  good  mechanical  integrity  can  be  formed  in 
panels  containing  internal  hydrogen. 
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9.  Evolution  of  internal  hydrogen  during  the  forming  cycle  decreases 
formability  by  raising  the  beta  transus  temperature;  however,  form- 
ability  is  still  better  than  for  the  as-received  alloy. 

10.  The  presence  of  internal  hydrogen  and  the  evolution  of  internal 
hydrogen  do  not  improve  diffusion  bondability. 
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SECTION  VIII 
RECOMMENDATIONS 


1.  This  investigation  deraonatrat&d  chat  vacuum  encapsulation  of  samples 
enables  fine  hydmvac  micros t rue tu res  to  be  obtained  without  oxygen  con¬ 
tamination.  The  feasibility  and  cost  effectiveness  of  hydrovac  pro¬ 
cessing  of  large  panels  in  evacuated  metal  jackets  should  be  determined. 

2.  A  systematic  evaluation  of  different  surface  coatings  should  be  con¬ 
ducted  with  the  objective  of  identifying  a  coating  that  is  an  effective 
barrier  for  oxygen  diffusion  into  the  specimens  at  the  beta-annealing 
temperature. 

3.  A  thermodynamic  investigation  of  the  synergistic  effects  of  internal 
hydrogen  and  coating  chemistry  is  recommended  for  determining  the  condi¬ 
tions  under  which  oxygen  pick-up  is  minimal. 

4.  This  investigation  demonstrated  that  large  parts  can  be  superplasti- 
cally  formed  at  lower  temperatures  and  in  shorter  times  using  ar  argon- 
hydrogen  gas  mixture  with  modifications  to  existing  production  setups. 

A  logical  extension  of  this  study  would  be  to  scale-up  the  process  and 
optimize  the  process  parameters  for  the  production  by  SPF/DB  of  large 
parts  on  a  routine  basis. 
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APPENDIX  A.  PRACTICAL  ASPECTS  OF  HYDROVAC  PROCESSING 
ON  A  PRODUCTION  SCALE 

C  REMET  hydro  vac  processed  93  titanium  alloy  panels,  which  were  divi¬ 
ded  into  live  Iocs.  The  hydrogen  levels  obtained  in  each  of  Che  panels 
are  shown  in  Figures  A- l  -  A-5.  Although  the  initial  results  were  char¬ 
acterised  by  uneven  hydrogen  distributions,  the  last  two  lots  show  chat 
wicn  experience,  the  desired  hydrogen  concentrations  can  be  obtained 
routinely. 

as  described  in  Section  IV,  the  two  coatings  studied  (Forakote  T50 
and  Delcaglaze  349M)  permitted  excessive  oxygen  absorption  to  occur 
during  the  beta  anneal.  Considering  the  Inherent  temperature  uncertain¬ 
ties  and  gradients  present  in  production  to  be  ±  20°C  (3S°F),  a  coating 
protective  to  840°C  (L545°F)  muse  be  found. 

The  dehydrogenation  temperatura  is  extremely  critical.  Since  desir¬ 
able  tensile  properties  are  obtained  from  660  to  700°C  (1200  to  1290°F) , 
successful  processing  can  occur  If  the  uncertainties  and  gradients  in 
temperature  are  less  Chan  ±  20°C  (35°F) . 

OREMET  reports  chat  Che  hydrogen-charged  samples  are  not  unduly 
brittle  and  chat  only  minor  precautions  are  necessary  to  prevent  panel 
breakage.  In  fact,  no  panels  were  broken  after  the  first  lot.  All 
panels  experienced  slight  warpage,  which  occurred  because  the  panels 
stood  on  a  short  edge.  Hanging  the  panels  should  alleviate  this 
problem. 

In  summary,  correctly  processed  ,anels  can  be  produced  if  tempera¬ 
ture  gradients  and  uncertainties  are  less  chan  ±  20°C  (35°F)  and  if  a  an 
adequate  protective  coating  can  be  found. 
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APPENDIX  a.  ANALYSES  OF  BIAXIAL-STRESS  CONE  FORMING 


An  described  in  Suction  III. 6,  the  cone-forming  teeter  (Figure  12) 
enables  the  instantaneous  cone  height  to  be  monitored  as  the  sample 
forms  under  cons tant-s trass  conditions.  Throughout  the  forming  opera¬ 
tions*  the  part  of  the  sample  not  In  contact  with  the  die  has  a  hemi¬ 
spherical  configuration.  The  biaxial  stress,  <j( r),  of  a  thick-walled 
sphere  subjected  to  an  Internal  pressure  P  is 


c(r) 


.  P*3(b3  ±  3r3) 
2r3(b3  -  a3) 


(3-1) 


where  a  Is  the  inner  radius,  b  is  tha  outer  radius,  aad  r  is  the  radius 
at  the  location  of  the  stress.  Thus  the  biaxial  stress  varies  with 
radius,  ranging  from  a  minimum  at  tha  inner  radius, 


o(a) 


2  ,,3 


3a3) 


(bw  -  a3) 


to  a  maximum  at  the  outer  radius , 


o(b) 


? 

7 


(ha3) 


(b3  -  a3) 


(3-2) 


(B-3) 


For  superplastic  forming  evaluations,  It  is  desirabls  to  use  a  chin-wall 
approximation,  which  yields  a  stress  between  j(a)  and  o(b). 

For  the  cone  geometry  employed  in  this  testing  (see  Figure  3-1),  the 
cone  radius,  &,  is  27.4  m  (1.07b  in.)  and  tne  cone  angle,  a,  is  58°. 

The  area  of  the  spherical  segment  at  point  of  first  contact  is  2itxd; 
hence  constancy  of  volume  yields  the  relation 


jwCc^  ■ 


2xx(x  -  h) 


(3-4) 


[l  •  tin  a/2] , 


(fl-8) 


2 

2 

cot  a/2 


tad 


2 

l  ♦  tia  a/1 


(B-9) 


Htnct  for  a/2  •  29°, 


c  i 

-  1.347 

C2 


CB-10) 


For  most  samples  of  chit  study,  t^  -  2.54  on  (0.100  la.);  therefore 
c2  -  1.88  at  (0.074  la.).  Additionally,  b  «  x  »  R/cos  a/2;  Chtrtfore, 
at  first  contact  with  tht  conical  dit  wall,  b  «  31.22  am  (1.229  in.)  and 
a  «  b  -  t2  •  29.34  m  (1.155  in.).  Htnct,  tht  strtta  U  <j«  7.34  P  at 
the  inner  radius  and  7.34  ?  at  tht  outar  radius  across. 

Tht  chin-wall  approximation, 


<3 


(B-ll) 


utilizing  the  die  radius  of  27.4  ram  (1.078  in.)  yields  <j  »  8.30  P, 
an  unrealistically  high  value.  If  the  membrane  inner  radius  is  used  in 
Equation  (8-11),  cht  calculated  stress  is  a  ■  7.78  ?,  a  value  within  the 
stress  range  calculated  from  cht  thick-wall  relation,  Equation  (3-1). 

Therefore,  for  a  general  sample  thickness,  c0,  the  thin-wall  stress 
equation  was  used  in  the  form 


a 


2t 


(3-12) 
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where 


t  •  t  /l. 34? 
0 


(B-13) 


aad 


x 


1.232 


Co 

THAT 


(B-14) 


The  a  train  ifc  given  by 


e  ■  ln(t/t  ) 
o 


(B-15) 


The  decrease  In  thickness  is  the  sum  of  Chet  occurring  before  and  after 
cne  sheet  makes  contact  with  the  die.  From  Equation  (B-10),  at  moment 
of  contact,  t  *  tQ/1.347;  therefore,  t1  •  0.30  at  that  point.  There¬ 
after,  t/r  is  a  constant,  as  was  demonstrated  by  Mackey  et  al.  (Refer¬ 
ence  l).  Hence 


dt  m  dr 
t  "  r 


From  Figure  8-1,  r  *  (4  -  c)  tan  a/2;  therefore, 


(  B— '16) 


dr 

r 


(B-17) 


and 
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2 


(b-13) 
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where  qj  !•  th*  con*  depth  and  q  ^  is  cha  conn  depth  whan  contact  la 
first  and*  wlch  cha  die. 

Tha  total  atraln  la  cha  sun  of  eh*  two  components: 


*  "  *1  *  *2  *  0,30 


(B-19) 


Figure  B-2  shows  eh*  strain  rates  sc  900°C  of  equitxed-tx  T1-6A1-4V 
as  a  function  of  tlaa  for  different  stress  levels*  The  d*cr**s*  In 
seraln  race  as  a  function  of  tin*  is  attributed  to  grain  growth. 


Figure  B-2,  Tim*  dependence  of  strain  of  equiaxed-Of  TI-6AI-4V  superplasticaily  formed  at  900° C 
at  the  indicated  stresses. 


95 


0  2500  5000  7500  10  000  12  500  15  000 

Time  (s) 


Figure  B-3.  Time  dependence  of  strain  of  (  a  )  equiaxed-a  TWAM\  and  ( o  )  duplex-annealed 
Ti-6Al-2Sn-4Zr-2Mo  superplasticaily  formed  at  830°C  and  18.8  MPa  (2.72  ksi). 


Figures  B-3,  B-4,  and  B-5  show  the  strain  rates  of  the  three  ao-received 
alloys  at  three  different  combinations  of  stress  and  temperature.  Ti- 
6Al-2Sn-4Zr-2Mo  has  lower  strain  rates  than  equiaxed-a  T1-6A1-4V. 

Constant-stress  tests  using  tensile,  specimens  were  conducted  at 
various  temperature/stress  combinations,  and  the  results  were  compared 
with  those  obtained  from  the  cone-forming  tests.  Figures  B-6  and  B-7 
demonstrate  that  the  agreement  is  good  between  the  data  obtained  from 
the  two  tests  at  both  900  and  830°C  (1650  and  1525°F).  The  differences 
in  the  time  dependences  of  strain  rate  at  large  strains  between  the 
tensile  specimens  and  cone  specimens  are  causad  by  the  extension  of 
tensile  specimen  gauge  length  beyond  the  uniform-temperature  hot  zone  of 
the  furnace. 
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Figure  B-4.  Time  dependence  strain  of  (  o  )  equiaxed-a  Ti-6Al-4V  and  (  a.  )  duplex-annealed 
Ti-6AI-2£n-4Zr-2Mo  superplastically  formed  at  900° C  and  9.7  MPa  (1.40  lui). 

Conscanc-strain-raca  tests  were  al3o  conducted  at  830°C  (1525°F) 
using  tensile  specimens.  As  the  specinens  elongated,  Che  crosshead 
speed  was  increased  incrementally  so  that  the  instantaneous  strain-rate 
was  always  within  2%  of  the  nominal  values.  Figure  3-8  shows  crue- 
stress/true-strain  plots  of  specimens  tastad  at  five  different  strain 
races.  Also  included  in  Figure  B-8  are  values  obtained  from  the 
coustanc-scrass  tests.. 


I 


Flfurt  B-d.  Hom  dopmdoac*  of  s trail  of  eqolaxad*<x  TMAJ-4V  saporpiaaticaUy  formed  at  900°C 
aid  18.3  MPa  (2.72  ksi)  as  datonaiaod  by  (  *  )  tensile  tests  aid  (  a)  cone-formin« 
tests. 
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Flfora  B-4.  Troe-stras/true-s  train  rafaadoa  of  tqaiuid-a  Tl-6Ai-4V  it  830°C  as  determined  from 
tensile  sptdoMH  deformed  at  a  couunt  strain  rata.  Tba  dau  points  ware  obtaintd 
from  tntik  specimens  deform  ad  under  constant-stress  conditions  and  correspond  to 
tha  followinf  strain  ratas:  (  o )  ( o )  5  x  10-Vs,  (  e  )2  x  lC“*/s,  (  a )  MM/s,  and 

(a.)  5xl®-Vs. 


APPENDIX  C.  MECHANICAL  PROPERTIES  OF  ALLOYS  HYDROVAC-PROCESSED 
BY  OREMET  JSING  FORMKOTE  T30  COATING  AND  810°C  (1490°F) 
BETA-ANNEALING  TREATMENT 


The  tensile  properties  of  the  batch-l  improperly  hydrovac-processed 
alloys  war*  dacarmlnad  la  the  longitudinal  orientation  at  room  and 
elevated  temperatures.  Important  mechanical  properties  are  listed  in 
Table  C-l  for  the  hydrovac-processed  alloys.  These  improperly  hydrovac- 
processed  alloys  had  leas  than  the  desired  micros tructural  refinement 
and  had  oxygen  concentrations  of  0.19  wtX  (a  value  significantly  higher 
than  in' the  mill-processed  alloys).  Therefore  the  properties  of  these 
alloys  are  not  representative  of  optimally  processed  alloys.  Figures  C- 
1  -  C-4  compare  the  temperature  dependences  of  yield  stress  and  ultimate 
tensile  stress  of  as-received  and  hydrovac-processed  samples.  Both 
properties  are  improved  slightly,  by  about  25  MPa  (4  Rsi),  for  T1-6A1- 
4V;  however,  these  properties  are  degraded  for  the  hydrovac-processed 
Ti-6Al-2Sn-4Zr-2Mo,  particularly  at  higher  temperatures.  Some  of  the 
low  values  f r r  Ti-6Al-2Sn-4Zr-2Mo ,  as  shown  in  Table  C-l,  were  for 
samples  that  failed  at  extremely  low  strains. 


TABLE  C-l 

TENSILE  PROPERTIES  OF  OREMET  BATCH-1  HYDROVAC-PROCESSED  ALLOYS 


Alloy 

Temperature 

{«C  (aF)l 

0.2*  yield 
stress 

(MPa  (ksl)l 

Ultimate 
tensile  stress 
(MPa  (ksi)] 

Total 

elongation 

(*) 

21  (70) 

972(141) 

1020  (14.8) 

11.3 

21  (70) 

986  (143) 

1048  (152) 

7.4 

Equiaxed-a 

205  (400) 

758  (110) 

848  (123) 

11.5 

Ti-6Al-4V 

205  (400) 

752  (109) 

841  (122) 

9.5 

371  (700) 

625  (90.6) 

724  (105) 

9.6 

371  (700) 

671  (97.3)' 

779  (113) 

9.2 

21  (70) 

903  (131) 

945  (137) 

0.8 

21  (70) 

945  (137) 

1062  (154) 

11.5 

Dupiex-anneaied 

315  (600) 

690(100) 

779  (113) 

3.5 

Ti-dAl-2Sn-42r-2Mo 

315  (600) 

669  (97) 

827  (120) 

12.2 

982  (900) 

569  (82.5) 

717  (104) 

18.0 

482  (900) 

555  (80.5) 

710  (103) 

10.2 

Temperature  (°C) 
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1.  CREEP  MEASUREMENTS 

Creap  tests  at  350,  435,  520,  and  600°C  (660,  815,  970,  aud  U10°F) 
were  performed  on  duplicate  samples  of  improperly  hydrovac-processed, 
equiaxed-oTi-6Al-4V  and  Ti-6Al-2Sn-4Zr-2Mo .  Figures  C-5  and  C-6  show 
the  effects  of  hydrovac  processing  on  the  steady-state  creep  rates  of 
the  alloys.  The  creep  rate  of  T1-6A1-4V  is  reduced  by  one-third  upon 
hydrovac  processing,  but  hydrovac  processing  does  not  improve  the  creep 
resistance  of  Ti-6Al-2Sn-4Zr-2Mo. 


Stress  (MPa) 


Figare  C-5.  Stress  dependence  of  steady-state  creep  rate  for  equiaxed-or  TI-6AMV  la  as-received 
condition  (open  symbols)  and  OREMET  betch-1  hydrovac  condition  (dosed  symbols) 

at  (  a  ,  *  )  600°C,  (  o  .  •  )  520°C.  (  a  .  n  )  43S°C.  and  (  v  .  v  >  J30°C, 
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Fic«n  C4.  Stmt  dtptadtm  of  ^tttdy*stttt  cmp  rata  for  duptex-tsneaitd  TMAl«2So-4Zr-lMo 
in  iHittiTid  coedltioe  (ope*  symbols)  sad  0 REMET  batch*l  hydro vsc  condition 
(cioasd  symbols)  st  ( & ,  *  )  6M*C.  ( o  ,  )  520*C,  ( a  ,  a  )  43S*C,  sad  (  *  ,  »  )  350*C. 


2.  FATIGUE  CRACX-GRQWTR-RATE  MEASUREMENTS 

Fatigun  orach-growth  rates  of  as-recsivnd  and  iopropsrly  hydrovac- 
processed  equiaxed-a  T1-6A1-47  and  Ti-6Al-2Sn-42r-2Mo  alloys  wars 
datermined  using  compact-tension  specimens  oriantsd  in  tha  long- 
transverse  direction.  Spaciissn  geometry  and  cast  procedures  conformed 
to  ASTM  Standard  E647. 

The  fatigue  crach-growth  rates  of  duplicate  and  triplicate  samples 
of  the  alloys  shown  in  Figures  C-7  -  C— 10  indicate  a  good  reproducibil¬ 
ity  of  data. 
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Figure  07.  Fatigue-crack-growtb  rat*  of  equiaxed-or  TMAI4V  at  room  temperature  in  ambient 
air  as  determined  by  triplicate  tests. 


Stress  intensity  factor  amplitude,  AK  (ksi  Vin.) 

20  40  60  80 


Stress  intensity  factor  amplitude.  AK  (MPa\  m) 


Figure  C4.  Fatigue-crack-growth  rate  of  duplex-annealed  Tl-6 Al-lSn-4Zr-2  Mo  at  room 
temperature  in  ambient  air  as  determined  by  duplicate  tests. 


St  ms  intensity  factor  amplitude,  AK  (ksi  Vln.) 


Stress  intensity  factor  amplitude,  AK  (MPaV  m) 


Fl(«ra  C-9.Fa0fae-cr*clt-frowtb  rale  of  hydro vac  procesaad,  eqaiaxeO-cr  TMAI-SV  at  room 
tempera  tare  ia  ambient  sir  aa  determined  by  triplicate  tests. 


Stress  intensity  factor  amplitude,  AK  (ksi  V in.) 


Stress  intensity  factor  amplitude.  AK  (MPaV  m) 


Ftpere  C-10.  Fatltue-crack-frowtta  rate  of  hydrovac-processed,  duplex-annealed 
Tl-6AI-2So-4Zr-2Mo  at  room  temperature  in  ambient  air  as 
determined  by  triplicate  tests. 
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Table  C-2  li*t*  the  experimentally  determined  constants  A  and  B  of 
ths  crack-growth-rate  aquation,  da/dN  -  10~*  (&K)8 .  Hydrovac-processed 
alloys  are  more  susceptible  to  crack  growth  as  shown  by  ths  higher  expo¬ 
nents  for  boch  equiaxed-u  T1-6A1-4V  and  Ti-6Al-2Sn-4Zr-2No.  Representa¬ 
tive  fatigue  crack-growth  rate*  of  as-received  and  hydrovac-processed 
aquiaxsd-a  T1-6A1-4V  shown  in  Figure  C-ll  claarly  demonstrate  that 
hydrovac-procesaed  alloys  ara  nora  susceptible  to  fatigue-crack 
propagation. 

Measurements  isada  during  tha  crack-lnitlatlon  phasa  of  tha  fatlgua 
crack-growth  taat  provide  ssmi-quantitative  information  about  crack- 
talc  lac  Ion  suscapclbtlicy.  Tha  minimum  values  of  &R  at  which  cracking 
was  observed  electrically  (Table  C-3)  Indicate  chat  the  hydrovac- 
processed  alloys,  particularly  T1-&A1-4V,  ara  more  resistant  to  crack 
Initiation. 

Indications  of  fracture  toughness,  K,  were  obtained  by  stopping  the 
fatigue  test  before  specimen  failure  and  applying  a  slowly  increasing 
load.  Although  plane-strain  conditions  were  not  satisfied,  the  K  values 
obtained  are  useful  for  comparison  because  the  thickness  Is  the  same  for 
all  specimens.  Table  C-4  shows  thac  hydrovac  processing  significantly 
decreases  the  fracture  toughness  of  ths  alloys. 


TABLE  C-2 

FATIGUE-CRACK-GROWTH  PARAMETERS  FOR  CONVENTIONAL  AND  HYDROV AC- 
PROCESSED  T1-4AWV  AND  TV4AI-2Se-4Zr-2Mo(*k 


Equiaxed-a  Ti-6Ai-4V 
Hydrovsc-proccsssd,  equiaxed-a  Ti-6Al-4V 

Duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 
Hydrovac-processed,  duplex,  annealed  Ti-6Al-2Sn-4Zr-2Mo 
Widmanstatten  Ti-6AMV 


(a)  Crack-growth  rate,  da/dN  (cm/ Hz)  as  a  function  of  stress-intensity  amplitude.  AK. 
(MPav  m>,  is  given  by  the  relation  da/dN  •  10*A  (AK)B. 


no 


Stress  intensity  factor  amplitude,  AK  (ksi  vin.) 


20  40  60  80  100 

Stress  intensity  factor  amplitude,  AK  (MPa.  n) 

Figure  C-ll.  Fa  Ague-crack -growth  rates  of  (— )  as-received  and  ( - )  hydro  vac-processed 

eqniaxed-oc  T1-6A1-4V  at  room  temperature  in  ambient  air. 


TABLE  C-3 

MINIMUM  STRESS-INTENSITY  AMPLITUDE  VALUES  (AKmta)  FOR  THE  ONSET  OF 
CRACK  GROWTH  IN  AS-RECEIVED  AND  HYDROV AC-PROCESSED  TMA1-4V  AND 

Tl-6Al-2Sn-4Zr-2Mo 


Equiaxed-ct  Ti-6A1*4V 
Hydrovac-processed,  equiaxed-ot  Ti-6Al-4V 

Duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 
Hydrovac-processed,  duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 

Widmanstatten  Ti-6A1-4V 


[MPa  Vm  (ksi  Vui.)| 


20(18),  19(17),  19(17) 
21  (19),  25  (23),  25  (23) 

18  (16).  17  (15) 

19  (17),  20  (18),  20  (18) 

20  (18),  20  (18) 


TABLE  C-4 

FRACTURE  TOUGHNESS  VALUES,  K,,  DETERMINED  FROM  FATIGUE-CRACK- 
GROWTH-RATE  TESTS  OF  AS-RECEIVED  AND  HYDROVAC-PROCESSED  Tl-oAMV 

AND  Ti-6Al-2Sn-4Zr-2Mo 


Alloy 

K 

[MPa  Vm  (Its!  VTn.)I 

Equiaxed-a  Ti-6A1-4V 

Hydrovac-processed,  equiaxed-a  Ti-6Al-4V 

92  (84),  99  (90) 

55  (50),  50  (45),  48  (44) 

Duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 

Hydrovac-processed,  duplex-annealed  Ti-6Al-2Sn-4Zr-2Mo 

>62  (56),  >70(64) 

37  (34),  37  (34) 

Equiaxed-a  Ti-6A1-4V 

111  (101),  109(99) 
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